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The biotransformation of Hg(II) by cyanobacteria was investigated under aerobic and pH-controlled culture
conditions. Mercury was supplied as HgCl, in amounts emulating those found under heavily impacted
environmental conditions where bioremediation would be appropriate. The analytical procedures used to
measure mercury within the culture solution, including that in the cyanobacterial cells, used reduction under
both acid and alkaline conditions in the presence of SnCl,. Acid reduction detected free Hg(II) ions and its
complexes, whereas alkaline reduction revealed that mefa-cinnabar (3-HgS) constituted the major biotrans-
formed and cellularly associated mercury pool. This was true for all investigated species of cyanobacteria:
Limnothrix planctonica (Lemm.), Synechococcus leopoldiensis (Racib.) Komarek, and Phormidium limnetica
(Lemm.). From the outset of mercury exposure, there was rapid synthesis of 3-HgS and Hg(0); however, the
production rate for the latter decreased quickly. Inhibitory studies using dimethylfumarate and iodoacetamide
to modify intra- and extracellular thiols, respectively, revealed that the former thiol pool was required for the
conversion of Hg(II) into B-HgS. In addition, increasing the temperature enhanced the amount of B-HgS
produced, with a concomitant decrease in Hg(0) volatilization. These findings suggest that in the environment,
cyanobacteria at the air-water interface could act to convert substantial amounts of Hg(II) into 3-HgS.
Furthermore, the efficiency of conversion into 3-HgS by cyanobacteria may lead to the development of

applications in the bioremediation of mercury.

Mercury in the form of divalent ions constitutes the bulk of
that in soils, where it is bound to organic compounds, to clay,
and as sulfides (31). Although industrialization in the begin-
ning of the last century is the cause of most of the mercury
contamination found in the environment today, rainfall con-
tinues to carry mercury [Hg(II)] into aquatic and terrestrial
systems worldwide (16, 44). Despite a comprehensive knowl-
edge of the mercury cycle and the aquatic chemistry of its
constituents (12, 43, 52), several microbial taxa have not been
characterized with respect to their roles in the biotransforma-
tion of this heavy metal.

Several mercury biotransformation mechanisms have been
described previously (4, 12, 39, 41), and of these, prokaryotic
methylation and reduction to Hg(0) may play only limited roles
in the biotransformation of Hg(II) in aquatic environments
(15, 19). Furthermore, the reduction reaction simply refracts
meteorologically precipitated Hg(II) back into the atmo-
sphere. As such, it follows that other processes must make
significant contributions to the biogeochemical cycle of Hg
even though relative quantitative data are scarce (31). In-
sight into this area requires an understanding of the major
biotransformation processes leading to mercury retention in
ecosystems.

The lack of quantitative, mechanistic data behind cellular
accumulation versus that for volatilization of Hg is evident
even in the eukaryotic models (26) and of particular concern in
the cyanobacterial literature.

Environmental pH greatly affects both the aqueous chemis-
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try of Hg and the physiology of organisms. Despite this, much
of the present knowledge of Hg is based on biological studies
that permit the pH to change through the culture period. In
this study, we employ an automated system that maintains a
constant pH by the addition of dilute inorganic acids found in
natural systems. Chemical buffers were avoided because they
can affect the availability of mercury to cells through associa-
tion with the metal ions.

The present study shows the forms and quantities of Hg in
the volatile fraction and that remaining in culture after expo-
sure to Hg(II) supplied as HgCl, at levels that emulate those
found in heavily impacted environments, such as those near
and at industrial sources. An environmental isolate of the
cyanobacteria Limnothrix planctonica was studied at sublethal
(120 ppb) and lethal (200 ppb) exposures. Studies of Synecho-
coccus leopoldiensis provided comparative data on Hg(II) bio-
transformation within the division Cyanophyta. With represen-
tative time course data established, the effects of internal and
external thiol modifications as well as temperature were inves-
tigated. These approaches provide quantitative analysis of the
biosynthesis of B-HgS and its relationship to biotransformation
into volatile mercury as well as a possible role for cyanobac-
teria in mercury bioremediation.

MATERIALS AND METHODS

Culturing medium and cyanobacteria. Cyanophyte medium was composed of
5 mM (NH,),SO,, 1.0 mM KH,PO,, 0.5 mM MgSO, - 7TH,0, 0.33 mM CaCl,, 10
UM Na,EDTA, 2 pM FeCl, - 6H,0, 1 wM MnCl, - 4H,0, 0.2 puM ZnCl,, 0.1 pM
Na,MoO, - 2H,0, and 0.05 uM CoCl, - 6H,O in deionized H,O. The medium
was adjusted to pH 6.5 with 1.0 N H,SO, and autoclaved.

The filamentous cyanobacteria Limnothrix planctonica (Lemm.), of the family
Oscillatoriaceae, was obtained from the surfaces of leaves of bullhead lily
(Nuphar variegatum) plants from Tasso Lake, Township of Lake of Bays, On-
tario, Canada (45°29'N latitude by 78°55'30"'W longitude). Sections of leaf
material were cultured on cyanophyte semisolid medium containing 1% agar. A
rapidly growing isolate possessed the following characteristics of cyanobacteria.
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It was sensitive to penicillin G and streptomycin and contained only one type of
photosynthetic pigment, chlorophyll a, as determined chromatographically.

Synechococcus leopoldiensis (Racib.) Komarek (UTEX 625) was obtained
from the Culture Collection of Algae, University of Texas at Austin. Phormidium
limnetica [formerly identified as Oscillatoria limnetica (Lemm.)] was isolated
from Lake Opinicon (Ontario, Canada), in a fashion similar to that for Limno-
thrix planctonica.

Culture protocol. The culture apparatus was sterilized by either autoclaving it
or treating it with 70% ethanol (EtOH) for 30 min and then rinsing it with
deionized water. All cyanobacteria were aseptically inoculated into 250-ml cul-
tures in a laminar flow hood. The pH-stat apparatus and general conditions used
were those described by Kelly et al. (24). Under the conditions of our studies at
pH 6.5, the speciation of mercury added as 120 pg/liter HgCl, was 80.5% HgCl,,
15.8% HgCIOH, and 3.0% HgCl; ™, with only trace amounts of other species, as
determined using the freeware program PHREEQC-2 version 2.11 (34). Auto-
matic control maintained pH between 6.45 and 6.55.

The cultures were vigorously bubbled with air, grown to mid-log phase, and
used to inoculate new cultures that were in turn grown to mid-log phase before
the pH-stat cultures were incubated. Cultures were grown at 25°C, unless
otherwise indicated. Chlorophyll content was determined by the method of
Marker and colleagues (29), using the following equation: pg chlorophyll/ml =
(ODggs — OD7p0) X 13.42. Tt follows that optical density at 665 nm (ODygs)
could be used as an estimate of cyanobacterial biomass, and so, growth was
monitored at this wavelength. All additions of HgCl, to cultures were conducted
when the ODges reached 0.320. Continuous light was provided at saturating
conditions for photosynthesis with cool white fluorescent tubes, i.e., 400 micro-
Einsteins/m%/s.

Water-jacketed growth columns with 400-ml total culture capacities were
constructed from borosilicate glass. A circulating water bath maintained the
temperature. Culture uniformity, critical for dispersed-growth conditions and
sample homogeneity, was ensured by using a ribbed Teflon magnetic stir disk and
air sparging through a port near the base of each column. Applied HgCl,
dispersed to stable concentrations in seconds. A number 8 stopper containing
two ports sealed the top of the vessel, with an exhaust tube in one port and a
second tube (1 mm inside diameter) for pH titration in the other. A pH elec-
trode, held in a drilled number 5 stopper, was sealed in a port at the base of the
vessel just above the turbulence created by the stir bar.

The system used a Bach-Simpson multiport timed switch box capable of
passing the sequential input from six Radiometer (GK 2401C) pH electrodes to
a Radiometer pH meter and titrator and of relaying titrator output sequentially
to six magnetic valves. The valves controlled the flow of titrant to the culture
vessels to maintain a preset endpoint (pH 6.5). The titrant employed was 0.02 M
HCI, whose concentration permitted pH control without adversely affecting the
cyanobacteria while not increasing culture volume by more than 1% over the
course of the experiments. The addition of the micronutrient C1™ did not affect
growth. All components of the culturing apparatus were either disinfected with
90% EtOH in water or autoclaved, as appropriate. Air was filtered (0.45 um) to
prevent contamination and humidified by sparging it through sterile water prior
to column delivery. Electrodes were calibrated and disinfected with 90% EtOH
prior to assembly.

All assembly and subsequent manipulations were performed using aseptic
techniques as described by Kelly et al. (24). Experimental cultures were inocu-
lated from previously grown mid-log-phase cultures.

HgCl, (BDH) stocks (100 ppm) were prepared fresh for each experiment in
Teflon vials using demineralized H,0 to avoid carrier problems (47).

Metabolic inhibitors. Iodoacetamide at 0.3 mM was used to treat cells at 4°C
for 10 min prior to the addition of HgCl, using the conditions of Flores and
colleagues (14). Dimethylfumarate stock solutions (500 mM) were dissolved in
EtOH carrier with gentle warming and added to cultures to yield a final con-
centration of 5 mM. Exposures were for 5 min at 25°C. Controls contained
carrier only.

Sample preparation and mercury analysis. (i) Cold vapor atomic absorption
of mercury. Cold vapor atomic absorption spectrometry using an LDC/Milton
Roy mercuryMonitor was employed to measure Hg(0) directly or as the product
of chemical conversions (2, 18, 21, 27). The detection limit was 0.1 ng in 1-ml
samples. Analytical methods, including quality assurance and quality control, are
described in detail by Kelly and colleagues (24). Briefly, 100-p1 samples were
reduced under alkaline conditions in 6 ml of 10% SnCl, dissolved in 10% HNO;
alkalinized to a net equivalent of 10% KOH, giving an estimate for all mercury
species in the cyanobacteria and medium. Acid reduction was performed with
6-ml solutions of 10% SnCl, in 10% HNO3, giving an estimate for all mercury
species, excluding meta-cinnabar (3-HgS). The amount of B-HgS is the differ-
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ence between the amounts of mercury detected by these two methods. Standards
for HgCl, were prepared daily (21).

Daniels and Wigfield (10) found that in the presence of a sulfhydryl reagent
(L-cysteine), an acid reduction-resistant mercurial compound or complex was
fully reduced to Hg(0) only under alkaline conditions. Our previous studies
indicated that this was overcome by increasing incubation periods (24). Extrac-
tion followed by either thin-layer or column chromatography of a major mercu-
rial component found in our treated cyanobacteria showed that it comigrated
with meta-cinnabar (8-HgS) standards and that it was distinct from all other
common mercurials.

(ii) Biological sample preparation. Samples of between 20 and 100 wl were
taken from pH-stat columns and immediately introduced into the reduction
vessels, under acid or alkaline conditions as described above.

Acid digestion was used to determine levels of total Hg within samples larger
than 0.5 ml (45). Samples were added to equal volumes of concentrated HNO;
and refrigerated until analyzed. Vials were borosilicate glass sealed with solid
Teflon-lined caps (catalog number 2-7162/3; Supelco, Canada).

(iii) Culture fractionation for Hg: pellet, medium, and wash. For the first
fractionation method, culture samples (0.5 to 5 ml) were centrifuged at 3,000 X
g for 10 min. Medium (supernatant) was sampled as was done for total culture
samples, i.e., placed 1:1 in concentrated HNOs, and the remaining supernatant
removed. The pellet was resuspended to its original density with 5 mM dithio-
erythritol and recentrifuged. The dithioerythritol wash (supernatant) was then
sampled and aspirated as described above prior to resuspension of the pellet in
1 ml HNO;. This was transferred to a borosilicate glass vial as described above
for acid digestion.

For the French press method, organisms that had been exposed to Hg(II)
(HgCl,) for 1 h during growth in mid-log phase were centrifuged at 3,000 X g,
washed with medium, recentrifuged, and made up in half the original volume.
This was bubbled with N, gas for 15 min, extruded through a French press at
20,000 1b/in?, and kept on ice. The resulting suspension was passed through
sequentially smaller filters, and the amounts of acid- and alkaline-reducible Hg
were determined for each effluent.

All other mercury analytical procedures were performed as described by Kelly
and colleagues (24).

Statistics. All experiments include representative standard errors (SE). Ex-
periments were performed at least three times, and the results presented are
those for a representative experiment wherein all Hg determinations were per-
formed in triplicate (i.e., n = 3). SE is represented by bars in the figures. Where
the bars are not visible, the SE is smaller than the characters at each point.
Where appropriate, Student’s ¢ tests were performed.

RESULTS AND DISCUSSION

Justification of mercury exposure levels. Although average
environmental concentrations of mercury in aqueous environ-
ments are in the parts-per-trillion range (23), we employed
high exposure levels (28, 33, 51) in this study to emulate con-
taminated sites and effluent from industrial sources. When
mercury is supplied as HgCl,, it is absorbed in the form of
Hg(II) by aquatic microbes (23). The selected cell culture
density (ODgqs = 0.32) reflects cyanobacterial population sizes
that are typical of eutrophic conditions.

Biotransformation of mercury by cyanobacteria. (i) Limno-
thrix planctonica. Cultures of Limnothrix planctonica exposed
to 120 ppb Hg(II) (HgCl,) at pH 6.5 exhibited a growth lag,
followed by recovery, while those exposed to 200 ppb bleached
within 30 min and did not recover (Fig. 1A).

The sublethal exposure resulted in a rapid decline in acid-
reducible Hg within 10 min (Fig. 1B). This decrease was not
matched by a similar loss in alkaline-reducible Hg. The differ-
ence between alkaline (total inorganic)- and acid-reducible Hg
(Hg*", thiol-complexed Hg*", and/or nucleoside-bound Hg**)
represents B-HgS, or meta-cinnabar (24). The difference be-
tween the initial Hg application and alkaline-reducible Hg
represents the maximum for volatile Hg (10 ppb = 4 ppb;
triplicate determinations). In all cases, controls run without
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FIG. 1. Effects of HgCl, on Limnothrix planctonica. (A) Growth of
cells in control (@), 120-ppb (A), and 200-ppb (m) treatments at pH
6.5. (B) Time course for biotransformation of a sublethal application
of Hg(II) (120 ppb HgCl,). Results for total Hg (@) and acid reduc-
tion-detectable Hg (@) are shown. Panel B is adapted from Fig. 1 of a
paper by Kelly et al. (24). (C) Biotransformation of 120-ppb and
200-ppb Hg(II) applications after 15 and 30 h. Results for acid-detect-
able Hg (white), total Hg (gray), and B-HgS (black) are shown.
(D) Analysis of French pressed cellular filtrate. Symbols are as defined
for panel C (above). Incubation was at 120 ppb Hg(II) for 1 h and
extraction as described in Materials and Methods. The particle reten-
tion size of the filter is given for each filtrate. All cultures had initial
ODyg4ss of 0.32. All values are means = SE for triplicate determina-
tions.
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cyanobacteria had less than 10% of the Hg volatilization seen
with any species of cyanobacteria and they showed no B-HgS
production. After 1 h, the 120 ppb of mercury applied to
cultures of Limnothrix was composed of 58% B-HgS, 12%
Hg(0), and 30% acid-reducible Hg. Because there was no sig-
nificant volatilization between 1 and 5 h (¢ test; P > 0.05;
triplicate determinations), the decrease in acid-reducible Hg
was due to conversion to B-HgS, which constituted 98 ppb = 11
ppb of the original mercury application. These acid/alkaline
reduction data indicate that peptide or protein thiols do not
play an important role in long-term sequestration and storage
of Hg(II).

Of the volatilized Hg, 98.8% passed through a Carbotrap
tube to be trapped by a tube of silvered Chromosorb P. Anal-
ysis of cultures using CdCl,-catalyzed alkaline reduction gave
no evidence of organomercurials in these aerobic cultures,
which therefore appear to volatilize Hg only as Hg(0) (24).

The rapid decline in acid-reducible Hg resembles the Hg(II)
assimilation by numerous strains of heterotrophic bacteria
(15). Although the microbial biotransformation of Hg(II) to
Hg(0) is well known, the role of this pathway in the current
study was minor by comparison to that of the transformation to
B-HgS. There is some debate as to the degree of Hg(0) pro-
duction in whole-lake studies that is biotic in origin (3, 52).
Application levels in the current study were lower than those in
many previous bacterial studies, where less than 18% was
transformed to Hg(0) (15). These results bring into question
whether biotransformation to Hg(0) is the dominant detoxifi-
cation mechanism at realistic Hg(II) exposure levels.

At the lethal application of 200 ppb Hg?", a similarly rapid
initial loss of acid-reducible Hg occurred, again with little vol-
atilization (data not shown). However, this fraction of Hg lev-
eled off at 60 ppb * 4 ppb within 15 min. At the time of
chlorophyll bleaching and the loss of cell density (Fig. 1A),
acid-reducible Hg increased to 100 ppb. The toxicity seen at
200 ppb Hg>" is less likely caused by the production of B-HgS,
owing to its low solubility (K, = 1 X 107>%), than by the
acid-reducible Hg fraction, which includes free ions and po-
tentially deleterious thiol complexing effects. This supports the
notion that the amount of total element present is not always
the relevant predictor of toxicity (36).

While volatilization of Hg played a similar minor role in the
fates of both 120- and 200-ppb applications, significant differ-
ences were found for the locations of Hg in fractionated cul-
tures after 15 h. In 120-ppb cultures, 87.5% (90 ppb = 1 ppb
[mean = SEJ; triplicate determinations) of the remaining Hg
was associated with the cells, while for cultures exposed to 200
ppb, the frequency was only 62.5% (127 ppb = 2 ppb [mean *
SE]; triplicate determinations). This suggests that as the ratio
of cell density to exposure level increases, typical of realistic
environmental exposures, a greater proportion of the applied
Hg becomes associated with biomass. This should be consid-
ered in the modeling of Hg accumulation by microbial biomass
and subsequent sedimentation or grazing effects (7, 35).

The chemical form of Hg was determined after 15 and 30 h
of exposure (Fig. 1C). The amount of total Hg in 120-ppb
cultures and the amount present as B-HgS were unchanged
between 15 and 30 h. A small but significant loss of total Hg
was observed in 200-ppb cultures between 15 and 30 h, but
again, the B-HgS content was unchanged. Together, these re-
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sults suggest that volatile-Hg(0) loss came from the acid-re-
ducible and not the 3-HgS fraction. Also, conversion to 3-HgS
may explain the long biological residence time for Hg remain-
ing in culture following initial volatilization. Betz (6) provided
evidence that, after a time, cellular Hg becomes unavailable
for reduction to Hg(0). He observed that 2**Hg-exposed
Dunaliella tertiolecta (green alga), transferred after 2 days to a
medium containing '°’Hg, volatilized only the latter isotope.
While similar data for cyanobacteria are unavailable, biotrans-
formation of 2“*Hg>" to insoluble B-***HgS would likely make
it inaccessible to aqueous mercuric reductase.

Any further loss of Hg could be attributed to slow sublima-
tion. Evidence was sought to support the idea that the acid-
reducible mercurials are soluble, while the acid-irreducible/
alkali-reducible form identified as B-HgS is filterable and
strongly associated with cell matter. Hg-exposed Limnothrix
was disrupted with a French Press (20,000 Ib/in®) and subjected
to sequentially finer filtration steps. Filtration had compara-
tively little effect on acid-reducible filtrate Hg, as expected for
these soluble forms, but a dramatic effect on the alkaline-
reducible B-HgS filtrates (Fig. 1D).

meta-Cinnabar has been detected in aquatic liverworts (38),
and a number of observations of a range of microbiota have
shown mercury metal in their cell walls in a form unavailable
for volatilization. In these organisms, the metal was resistant to
extraction under all but alkaline conditions and apparently not
toxic despite high accumulation (1, 6, 11, 19, 20). In Saccha-
romyces cerevisiae, differences in total cell wall Hg content are
distinctions between Hg-sensitive and -resistant strains (32),
but the form of Hg was not identified.

Importantly, both the filtration and the chemical reactivity
data are consistent, as they do not support the view that cel-
lular Hg*" is stored and detoxified in soluble sulfhydryl che-
lates over long periods. This supposition has long been criti-
cized as lacking any direct demonstration in microbiota as
diverse as algae (42) and fungi (17). It remains possible, how-
ever, that the synthesis of 8-HgS in Limnothrix cultures occurs
via thiol-containing intermediates.

(ii) Synechococcus leopoldiensis. The common research or-
ganism Synechococcus leopoldiensis is the only cyanobacterium
in which metallothionein has been shown to occur (40, 46).
Growth of S. leopoldiensis was less sensitive to Hg than that of
Limnothrix planctonica, showing virtually no effect at 120 ppb
(Fig. 2A), while 200 ppb Hg*>" induced a growth lag and chlo-
rophyll bleaching. The latter occurred after 10 h and was max-
imal by 20 h, and recovery began at 50 h. This prolonged
period leading to chlorophyll bleaching is distinct from that for
Limnothrix, where bleaching occurred in just 30 min with no
recovery. As such, Hg tolerance in Synechococcus warranted
further study.

During the 200-ppb treatment of Synechococcus, acid-reduc-
ible Hg decreased rapidly, reaching 150 ppb in 10 min and 100
ppb in 30 min. Concomitant Hg(0) synthesis was also substan-
tial. Then, a slower conversion to B-HgS occurred, during
which time Hg(0) synthesis was low but significant (¢ tests; P <
0.05; triplicate determinations). The proportion of acid-reduc-
ible Hg remaining after 30 min was greater than that in Lim-
nothrix under identical conditions. After 1 h, the 200 ppb of
mercury applied to cultures of Synechococcus was composed of
35% B-HgS, 25% Hg(0), and 40% acid-reducible Hg. The
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FIG. 2. Effects of HgCl, on Synechococcus leopoldiensis. (A) Growth
of cells in control (@), 120-ppb (A), and 200-ppb (m ) treatments at pH 6.5.
(B) Time course for biotransformation of Hg(II) (200 ppb HgCl,). Re-
sults for total Hg (m) and acid reduction-detectable Hg (®) are shown.
All cultures had initial ODggss of 0.32. All values are means = SE for
triplicate determinations.
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acid-reducible Hg continued to decline to only 5 ppb (Fig. 2B)
in the initial 24 h, when volatilization accounted for half of the
lost mercury. Then, a slower process, likely involving conver-
sion from B-HgS, occurred over 4 days.

The primary toxicity of Hg(II) is believed to be caused by
chelation to functional sulfhydryl groups of proteins. Hence,
the early phase of exposure is probably the most toxic. The
time course of recovery from growth inhibition and chlorophyll
bleaching raises the possibility that de novo protein synthesis
may be required. Our results indicate that lowering of toxicity
coincides with the decline in acid-reducible Hg by Hg(0) and
B-HgS pathways.

Role of sulfhydryl compounds. The existence of metal sul-
fide synthesis has been suspected for some time, and the initial
speculation was that direct S*~ (H,S) excretion leads to metal
precipitation (1). Since then, however, it has been discovered
that CdS crystals in yeast are capped by peptides, probably
phytochelatins (9). It is, therefore, possible that chelation to
this metal-binding sulfhydryl protein is an intermediate step in
metal sulfide synthesis.

To obtain evidence of a role for sulfhydryl compounds in
cyanobacterial B-HgS synthesis, cell surface and intracellular
thiols were modified chemically. Iodoacetamide, which can act
as a nonpermeant alkylator of sulfhydryl groups (14), did not
prevent B-HgS synthesis or the rapid decrease in acid-detect-
able Hg in Limnothrix (Fig. 3A), although a slight enhance-
ment of initial Hg(0) formation was observed. Therefore,
B-HgS formation does not depend on reactions with readily
accessible thiol groups on the cell surface.
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FIG. 3. Effects of thiol modification and temperature on the syn-
thesis of BHgS and Hg(0). (A) Extracellular thiol alkylation by iodo-
acetamide in Limnothrix planctonica was followed by a 120-ppb Hg(II)
application (closed symbols). Controls without alkylation are repre-
sented by open symbols. Results for total Hg (squares) and acid re-
duction-detectable Hg (circles) are shown. (B) Intracellular thiol oxi-
dation by dimethylfumarate in Phormidium limnetica. Cultures were
exposed to 140 ppb Hg(Il). At 1.5 h (| ), half were treated with
dimethylfumarate (triangles); untreated controls are represented by
squares. An additional 140 ppb Hg(II) was applied at 1.75 h. Results
for total Hg (closed symbols) and acid reduction-detectable Hg (open
symbols) are shown. (C) Effect of temperature on biotransformation
by Limnothrix planctonica. Mercury-free preincubation was for 150
min, followed by 5-h treatments in 120 ppb Hg(II). Results for acid-
detectable Hg (white), total Hg (gray), and B-HgS (black) are shown.
All cultures had initial ODggss of 0.32. All values are means = SE for
triplicate determinations.

The permeant thiol oxidant dimethylfumarate depletes both
surface and internal thiols (22). An experiment was designed to
measure Hg components before and after treatment with di-
methylfumarate, but this required repeated Hg applications
that proved to be lethal to Limnothrix and Synechococcus.
Fortunately, another species of cyanobacterium, Phormidium
limnetica, could cope with this double treatment. Two sets of
cultures of Phormidium were exposed to 140 ppb Hg(II), and
biotransformation was monitored for 90 min in the absence of
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oxidant (Fig. 3B). After 1 h, the mercury was composed of 56%
B-HgS, 36% Hg(0), and 8% acid-reducible Hg. Therefore,
Phormidium efficiently generated Hg(0) and B-HgS from
Hg(II) under the same conditions as those described above for
the other two cyanobacterial species (compare Fig. 1B and
2B), thus justifying its use in this comparative study. After this
first 90-min period, one culture set was given a short 5-min
treatment with dimethylfumarate and then both sets were pro-
vided with an additional 140 ppb HgCl,. The amounts of acid-
reducible Hg rapidly dropped to 20 ppb Hg in both treated and
control cultures for the second time. In the control, there was
an approximate doubling of B-HgS that occurred very rapidly,
suggesting that a pool of available thiols may be responsible,
whereas the treated cultures showed no increase in B-HgS
following the second application (Fig. 3B). Interestingly, this
removal of intracellular thiols also diverted the applied mer-
cury-to-Hg(0) synthesis. A short exposure time was employed
to minimize effects on metabolism, although such effects can-
not be entirely ruled out. Nevertheless, the results support a
role for internal thiols in the synthesis of B-HgS and do not
indicate that its formation is a product of H,S excretion.

Temperature had a similar dramatic effect on biotransfor-
mation in cyanobacteria. Cultures of Limnothrix incubated at
5°C for 150 min prior to a 120-ppb Hg>" application evolved
55% of the application to Hg(0), while just 5% of that remain-
ing in culture was converted to B-HgS after 5 h (Fig. 3C).
Cultures grown at 25°C and 15°C evolved about 20% of the
initial application to Hg(0), with around 90% conversion to
B-HgsS.

Biotransformation of Hg(II) by cyanobacteria. These results
show the involvement of metabolism in B-HgS synthesis and,
like the thiol depletion data, suggest that Hg(0) synthesis is
inversely affected by the capacity for B-HgS synthesis. The
relatively temperature insensitive nature of Hg(0) evolution is
consistent with the constitutive presence of the enzyme mer-
curic reductase, requiring only Hg?* and NADPH for the
reaction to proceed. In fact, decreases in temperature-sensitive
reductive carbon metabolism may lead to a buildup of pho-
toreduced NADPH.

Cyanobacteria converted Hg(II) (as HgCl,) under pH-con-
trolled and aerated conditions into Hg(0) and B-HgS. Produc-
tion of Hg(0) was relatively low and exposure level dependent
and differed only marginally between the cyanobacterial spe-
cies. The Hg remaining in culture was virtually all biotrans-
formed to B-HgS at the expense of acid-reducible Hg. This
indicates that biotransformation of Hg(II) into B-HgS proba-
bly occurs in the epilimnia of lakes receiving contaminated
rainfall. Until recently, it was believed to be primarily gener-
ated in sediments (31, 52). No evidence of cyanobacterial
CH;Hg" formation was found in cultures or in exhaust gases
under the aerobic culture conditions employed in the present
study.

Substantial sedimentary potential could be generated through
biotransformation by cyanobacteria. This group of organisms is
important because it is among the first to encounter mercury
that is introduced by rainfall (3). If the biological residence
time for B-HgS is longer than the time for complete sedimen-
tation and grazing to occur, then a significant amount of mer-
cury resides in cyanobacterial populations. Based on the results
reported by Conover and Mayzaud (8), this may very well be
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true; however, characteristics of accumulation, metabolism,
and subsequent loss to volatilization remain to be determined.

An important role for phytoplankton in the mercury cycle is
consistent with ecological findings that total and dissolved or-
ganic carbon affect interlake variation in CH;Hg" levels in
both water and fish (13, 30, 49, 50). A possible association of
B-HgS with sedimenting biomass may explain why filter-feed-
ing sponges were second only to fish in levels of total Hg (37),
offering an origin for the particulate Hg that these researchers
surmised to be present.

These findings also suggest that B-HgS, not a chelate of
Hg(II), is the relevant dietary mercurial for cyanobacterial
grazers. Previous studies which have used HgCl, as the toxi-
cant should be reexamined (31, 35). In the case of cadmium,
sea urchins had higher excretion levels, lower uptake levels,
and different tissue distributions of metal after feeding on
naturally contaminated than after feeding on cadmium salt-
spiked aquatic systems (48). Suggestions that 3-HgS formation
could play a role in detoxification are not new, but there are
few direct quantitative studies. An investigation of the hetero-
trophic bacterium Klebsiella aerogenes noted parallel increases
in cellular inorganic sulfide and cellular cadmium or mercury
(1), while Davies (11) surmised that eukaryotic algae accumu-
lated a mercurial with the characteristics of an insoluble com-
pound, possibly a sulfide. However, early studies lacked even a
qualitative method for directly demonstrating the presence of
this mercurial species. Metal sulfides have also been demon-
strated to exist in lower plants (38) and microbiota (9) as well
as soil sediments (5) using electron microscopy techniques. We
have recently detected mercury sulfide in eukaryotic algae (26)
as well as in microfungi (25). How widely this phenomenon
occurs in aquatic organisms remains to be determined. In ad-
dition, although the mechanism by which B-HgS is formed in
cyanobacteria requires further elucidation, the process appears
to rely on internal thiols and metabolism, as interference with
either favors volatilization.

The rate at which Hg(II) was converted into B-HgS by cyano-
bacteria indicates their possible utility as organisms for biore-
mediation. Further studies are required to select the most
appropriate species and to optimize environmental conditions
for this application.
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