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ABSTRACT Reports on interactions between cyanobacteria and uranyl carbonate
are rare. Here, we present an interesting succession of the metabolic responses em-
ployed by a marine, filamentous, diazotrophic cyanobacterium, Anabaena torulosa
for its survival following prolonged exposure to uranyl carbonate extending up to
384 h at pH 7.8 under phosphate-limited conditions. The cells sequestered uranium
(U) within polyphosphates on initial exposure to 100 �M uranyl carbonate for 24 to
28 h. Further incubation until 120 h resulted in (i) significant degradation of cellular
polyphosphates causing extensive chlorosis and cell lysis, (ii) akinete differentiation
followed by (iii) extracellular uranyl precipitation. X-ray diffraction (XRD) analysis, flu-
orescence spectroscopy, X-ray absorption near edge structure (XANES), and extended
X-ray absorption fine structure (EXAFS) spectroscopy established the identity of the
bioprecipitated uranium as a U(VI) autunite-type mineral, which settled at the bot-
tom of the vessel. Surprisingly, A. torulosa cells resurfaced as small green flakes typi-
cal of actively growing colonies on top of the test solutions within 192 to 240 h of
U exposure. A consolidated investigation using kinetics, microscopy, and physiologi-
cal and biochemical analyses suggested a role of inducible alkaline phosphatase ac-
tivity of cell aggregates/akinetes in facilitating the germination of akinetes leading
to substantial regeneration of A. torulosa by 384 h of uranyl incubation. The biomin-
eralized uranium appeared to be stable following cell regeneration. Altogether, our
results reveal novel insights into the survival mechanism adopted by A. torulosa to
resist sustained uranium toxicity under phosphate-limited oxic conditions.

IMPORTANCE Long-term effects of uranyl exposure in cyanobacteria under oxic phos-
phate-limited conditions have been inadequately explored. We conducted a comprehen-
sive examination of the metabolic responses displayed by a marine cyanobacterium,
Anabaena torulosa, to cope with prolonged exposure to uranyl carbonate at pH 7.8 un-
der phosphate limitation. Our results highlight distinct adaptive mechanisms harbored
by this cyanobacterium that enabled its natural regeneration following extensive cell ly-
sis and uranium biomineralization under sustained uranium exposure. Such complex in-
teractions between environmental microbes such as Anabaena torulosa and uranium
over a broader time range advance our understanding on the impact of microbial pro-
cesses on uranium biogeochemistry.

KEYWORDS biomineralization, cyanobacteria, phosphatase, polyphosphates,
regeneration, uranium

Microorganisms have existed on earth for at least 3.5 billion years (1) and are the
most successful life forms to date (2). They have been exposed to their immediate

environments comprising essential elements or complex mixtures of naturally occur-
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ring toxic elements. Microbes have evolved metabolic responses to circumvent metal
toxicity, which have facilitated their growth and survival in metal-contaminated envi-
ronments (3, 4).

Research on the influence of actinide elements such as uranium on microorganisms
is still in its infancy. Uranyl interactions with different microbial processes have led to
the formation of a broad range of biogenic materials, such as uranyl oxides, phos-
phates, and carbonates, which are currently being explored in the context of nuclear
waste isolation (5). The microbial cells protect themselves against uranium toxicity
through different mechanisms, including bioadsorption (through ligands), intracellular
accumulation, bioprecipitation, and bioreduction, which have been documented ex-
tensively (6–9). The reduction of uranium(VI) [U(VI)] to U(IV) by Fe(III) and sulfate-
reducing bacteria was proposed to prevent the migration of uranium in contaminated
waters (10–13), wherein U(VI) reduction resulted in extracellular precipitation of U(IV)
mineral uraninite or monomeric U(IV) (10, 14). The contribution of phosphate ligands
generated either by the action of phosphatase enzymes on organophosphate sub-
strates or by polyphosphate (polyP) degradation has been demonstrated with respect
to redox-independent bacterial uranium precipitation as uranyl phosphate minerals
(15–18). A Citrobacter sp. (since reassigned Serratia species) was shown to precipitate
uranium under physiological conditions (pH 6.9) as cell-bound uranyl phosphate via
enzymatically generated phosphate ligands (15, 16). A recombinant Deinococcus radio-
durans strain overexpressing alkaline phosphatase (PhoK) precipitated uranium from
dilute alkaline solutions at pH 9 (17). In bacterial cells, polyphosphate, a phosphate
polymer, has been implicated in sequestering toxic metals intracellularly and improving
cellular resistance to metals (19). The intracellular accumulation of U in polyphosphates
was observed in various bacterial strains isolated from uranium mining wastes, includ-
ing Acidithiobacillus ferrooxidans, Sphingomonas sp., and Pseudomonas migulae (6, 20,
21). There is no evidence for uranium transporters, and its passage into microbial cells
occurs through passive diffusion due to an increased membrane permeability resulting
from uranium toxicity (22). Such intracellular sequestration within phosphate-rich
granules or polyphosphates decreases the intracellular U concentration thereby pro-
tecting sensitive cytosolic molecules from U toxicity (6, 20, 21). On the other hand, the
hydrolysis or degradation of polyphosphates in response to heavy metals or nutrient
stress has been proposed to precipitate heavy metals extracellularly, enabling metal
detoxification (23, 24). The overexpression of the polyphosphate kinase (ppk) gene in
Pseudomonas aeruginosa results in the significant accumulation of polyphosphates
which degrade under carbon-starved conditions, and the phosphates released there-
from precipitate uranyl out of the solutions (24). Several environmental strains, such as
Cellulomonas, Arthrobacter, Rahnella, and Bacillus, isolated from contaminated subsur-
face soils of the Department of Energy’s Field Research Centre (ORFRC) were shown to
immobilize uranium as a biogenic phosphate mineral resulting from polyphosphate
metabolism or organophosphate hydrolase activity (25–27).

Previous studies on uranium bioremediation/biomineralization have focused on the
bacterial reduction of U(VI) to uraninite or monomeric U(IV) under anoxic conditions or
on enzymatic bioprecipitation in the presence of exogenous organic phosphate sub-
strate under oxic conditions (15, 25, 27–29) and anoxic conditions (30) below a
circumneutral pH. However, much of the uranyl contamination found in groundwater/
aquatic systems exists above a circumneutral pH where uranyl mobility is predomi-
nantly controlled by carbonates through the formation of highly soluble and stable
uranyl carbonate complexes (31). Such aquatic and contaminated environments are
suggested to be low in phosphate availability (32–34). The microbes inhabiting envi-
ronments with low phosphate availability employ a high-affinity phosphate transport
system for phosphate introduction into the cells (34–36). Cyanobacteria, a dominant
component of aquatic environments, have been shown to synthesize alkaline phos-
phatases (APases) during prolonged periods of phosphorus deprivation, which catalyze
the degradation of various complex organic phosphate substrates into biologically
available inorganic phosphate (Pi) at an alkaline pH (37). Furthermore, these organisms
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are exposed to direct and indirect contaminants and have evolved various molecular
and physiological adaptations to cope with contaminant toxicity in aquatic systems (8).

Information is limited on redox-independent cyanobacterial responses to soluble
uranyl carbonate complexes under phosphate-limited conditions and over a broad time
range. The present investigation elucidates the distinct metabolic responses demon-
strated by a filamentous, heterocystous, nitrogen-fixing marine cyanobacterium,
Anabaena torulosa (belonging to Nostocales), for alleviating immediate and sustained in
situ U toxicity, simultaneously safeguarding its growth and survival under phosphate-
limited U exposure conditions extending up to 384 h. Anabaena torulosa is a
heterocyst-forming photoautotrophic cyanobacterium that grows in long filaments of
vegetative cells. Two types of specialized cells may be present in various numbers
within a filament of vegetative cells, (i) the nitrogen fixing cells or heterocysts and (ii)
resting cells or akinetes (formed under stressed conditions), which are larger than
vegetative cells (38). This organism is reported to be highly tolerant to osmotic stress
and ionizing radiation (39, 40). The present study lends important insights into the
physiological and biochemical adaptations displayed by A. torulosa to resist prolonged
uranium contamination.

RESULTS
Cell lysis, akinete differentiation, and chlorosis in uranium-exposed A. torulosa

culture. Cells exposed to uranium for 24 h revealed distinct, dense dark granules (Fig.
1A, indicated by arrows) in comparison to the control U-unchallenged cells. Exposure
of A. torulosa to 100 �M U for �36 h caused cell lysis followed by akinete differentiation
by 96 h (Fig. 1A, indicated by arrows) of uranyl incubation under phosphate-limited
conditions. Incubations for �96 h in the presence of 100 �M U resulted in cell
aggregates comprising isolated heterocysts, lysed vegetative filaments, and spores/
akinetes (detached from their trichomes) (Fig. 1A). By contrast, akinete differentiation
without any appreciable cell lysis was visualized in the control U-unchallenged culture
only by 384 h of incubation under identical conditions of phosphate limitation (Fig. 1B),
suggesting that uranium toxicity coupled with phosphate limitation prompted the cell
lysis and akinete formation as early as 96 h in the uranium-exposed culture.

The cells demonstrated significant bleaching within 120 to 144 h of 100 �M U
exposure (Fig. 1C and D). The chlorophyll a contents of U-exposed cells reduced
drastically from 5.2 �g ml�1 to an almost negligible level, i.e., 0.02 �g ml�1 within 144
h of U exposure (Fig. 1C), whereas the control U-unchallenged cells showed an increase
in chlorophyll a contents (5.4 to 9.56 �g ml�1) during the same period (Fig. 1C and D).
The observed chlorosis in U-exposed A. torulosa cells was most likely due to the
degradation of photosynthetic pigments and is a known consequence of heavy-metal
exposure in cyanobacteria (41). Previously, we witnessed �10% inhibition in the
growth of this strain when exposed to 100 �M U for 24 to 30 h compared with that in
control U-unexposed conditions (42). No cell lysis was observed and the chlorophyll a
contents did not change measurably within 24 to 30 h of U exposure under phosphate-
limited conditions (Fig. 1A and C), which is in agreement with previous findings (42).
However, exposure to 100 �M U for �36 h resulted in cell lysis and chlorosis in these
cells, as evidenced in this study.

Characteristic features of spores or akinetes in U-exposed A. torulosa. The
akinetes formed in U-challenged A. torulosa culture possessed thick walls and appeared
larger in size than the vegetative cells (Fig. 2A). Early stage akinetes in a U-exposed
culture (96 h) examined using fluorescence microscopy revealed red chlorophyll a
fluorescence (�, 680 nm) upon excitation with green light (�, 520 nm) (Fig. 2A), similar
to that observed in vegetative cells. By contrast, chlorophyll a fluorescence of akinetes
was observed to be highly quenched in 168 h U-exposed culture (Fig. 2A), consistent
with the formation of matured akinetes by different species of the filamentous hetero-
cystous cyanobacteria belonging to Nostocales (43). Laser scanning confocal micros-
copy of DAPI (4=,6-diamidino-2-phenylindole)-stained 96-h-challenged akinete-bearing
culture revealed a strong blue fluorescence in the central part of the akinetes as a result
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of the emission from DAPI bound to DNA (Fig. 2B, indicated by arrows). Following 120
h of U exposure, the bleached and lysed akinete-bearing A. torulosa culture resumed its
normal growth when spotted on BG-11 agar plates and incubated under optimal
conditions of light and temperature, ensuring the viability of the akinetes (Fig. 2C).

Polyphosphate degradation and uranium bioprecipitation. The hydrolysis of
polyphosphate induced in the presence of heavy metals and the free phosphate
released at the expense of polyphosphate degradation have been shown to be
involved in the extracellular precipitation of heavy metals, including uranium (23, 24,
44, 45). Polyphosphate degradation and phosphate release were observed in an
engineered strain of Pseudomonas aeruginosa overexpressing the polyphosphate ki-
nase gene (ppk) under nutrient starvation conditions, resulting in the removal of 80%
soluble U as uranyl phosphate precipitates (24).

The total polyphosphate contents of control and U-challenged A. torulosa cells were
analyzed to appreciate the role of polyphosphate in mitigating uranium toxicity.
Cellular polyphosphate levels in U-challenged cells declined by 50 to 54% within 36 h
of U exposure compared with that in control U-unchallenged cells, which did not show

FIG 1 Cell lysis, chlorosis, and akinete differentiation in U-exposed A. torulosa culture. Mid-log-phase cells at the equivalent of 0.2 mg (dry weight)
ml�1 were exposed to 100 �M U (A) or unexposed to U (B) at pH 7.8 and were observed under a microscope under bright-field illumination
(magnification, �1,500; bars indicate 5 �m) at regular intervals. The data are a representative of three biological replicates. The red arrows in (A)
show vegetative cells at 0 h, the dense dark granules formed as a result of colocalization of uranium with polyphosphate bodies at 24 h and 36
h in vegetative cells, heterocysts at 72 h, and akinetes at 96 h and 120 h. Red arrows in (B) indicate the differentiating akinetes at 384 h of
incubation under control, uranium-unexposed phosphate-limited conditions. (C) Growth of U-unexposed control cells or cells exposed to 100 �M
uranyl carbonate is represented by chlorophyll a (Chl a) contents. (D) The flasks containing control or U-challenged A. torulosa cultures
corresponding to those mentioned in panel C.
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any appreciable decrease in their polyphosphate levels during the same period (Fig.
3A). The observations of control cells are in accordance with previous studies where the
ppa gene encoding the protein involved in the hydrolysis of inorganic phosphate
polymers, namely, the inorganic pyrophosphatase PPA, was found to be downregu-
lated in Anabaena in response to short-term (5 h) and long-term (6 day) inorganic
phosphate (Pi)-starved (no phosphate [P]) conditions, suggestive of non-exploitation
of inorganic phosphate storage during this period (46). Microscopic examination of
U-challenged cells stained with toluidine blue demonstrated significant degradation of
polyphosphate (polyP) within 36 h of U exposure, eventually leading to cell lysis by 120
h (Fig. 3B). No such polyP degradation was visualized in control U-unchallenged cells,
even after up to 120 h of incubation (Fig. 3C), suggesting that the presence of uranium
under phosphate-limited conditions stimulated the hydrolysis or degradation of polyphos-
phate in A. torulosa as early as 36 h.

Significant amounts of soluble uranium (Fig. 3D) and phosphate (Fig. 3E) were
detected in the culture medium by 36 h of uranyl incubation corresponding to �50%
polyphosphate degradation (Fig. 3A) and cell lysis (Fig. 1A and 3B). Limited amounts of
soluble phosphate (5 to 7 �M) in the experimental media (BG-11, P negative [P�]) were
observed at the inoculation of the cells (grown in BG-11, P-positive [P�]) at 0 h in the

FIG 2 Characteristics of akinetes in U-exposed A. torulosa culture. (A) A. torulosa cultures showing aggregates of
akinetes (red arrows) (and isolated heterocysts) following 96 and 168 h of uranyl (100 �M) exposure were recorded
with bright-field microscopy (magnification, �1,500; bars indicate 5 �m) with their respective chlorophyll a
fluorescence (see the text for details). Akinetes as large as 16.37 �m can be seen in 168-h U-exposed culture. (B)
A 96-h, uranyl-exposed akinete-bearing A. torulosa culture was stained with DAPI and observed using a laser
scanning confocal microscope. The transmitted light image, wavelength color-coded image, and a superposition
of both images are presented. Strong blue fluorescence signal (in overlay) indicates the concentration of nucleic
acids (indicated with arrows) in the central part of the akinete. The photomicrographs in panels A and B are
representative of three biological replicates. (C) The bleached and lysed 120-h U-challenged A. torulosa culture was
spotted onto filter discs (0.45 �m, MF-Millipore membrane filter; Merck Millipore, Germany), inoculated onto BG-11
agar plates, and incubated under continuous illumination for 168 h. The bleached and lysed culture resumed its
normal growth following incubation. The insets show a closer view of the filter discs spotted with A. torulosa culture
before and after incubation.
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absence or presence of uranium (Fig. 3E). The switch of the cyanobacterial cells from P�

to P� conditions might have resulted in minor polyphosphate degradation leading to
the observed phosphate release. The soluble phosphate increased from 5.16 �M (at 0 h)
to �62 �M within 36 h of U exposure in contrast to that in the control U-unchallenged
culture under identical conditions where the phosphate level was almost constant
during 120 h of incubation (Fig. 3E). Free phosphate and soluble U concentrations
steadily decreased along with the progression of uranyl incubation and were almost
negligible by 120 h (Fig. 3D and E). The reactive phosphate precipitated �88% of the
soluble uranium out of the solution within 120 h (Fig. 3D). The precipitated uranium
appeared as a layer of yellowish, fine-crystalline powdery material settled at the bottom
of the flask underneath the cell aggregates of bleached and decomposed A. torulosa
culture following 120 h of uranyl exposure (Fig. 3F).

Characterization of bioprecipitated uranium. X-ray powder diffraction (XRD)
analysis of the uranium precipitates formed by A. torulosa cells after 120 h of U

FIG 3 Polyphosphate degradation and uranium bioprecipitation in A. torulosa. (A) Mid-log-phase cells at the equivalent of 0.2 mg (dry weight) ml�1 were
incubated under control conditions or challenged with 100 �M uranyl carbonate wherein the polyP contents of the cells were measured (expressed in �mol
Pi per 0.5 optical density at 750 nm [OD750] per liter) until 36 h. (B) Uranyl-challenged cells (extending from 0 h to 120 h) were stained with toluidine blue and
were observed with bright-field microscopy using a Carl Zeiss Axioskop 40 microscope with oil-immersion objectives (magnification, �1,500; bars indicate 5
�m). These correspond to the cells shown in Fig. 1A. Note that the polyphosphates showing a characteristic red color (at 0 h and 24 h, marked by red arrows)
degrade by 36 h and appear as dark spots (marked by black arrows). Images corresponding to cells exposed to U for 120 h show lysis following polyP
degradation in contrast to control U-unexposed cells (C) stained with toluidine blue showing no such polyphosphate (marked by red arrows) degradation. (D
and E) Soluble uranium (in U-exposed culture) (D) and soluble phosphate (E) concentrations in control and U-exposed cultures during 120 h of incubation. (F)
Flask displaying the uranium precipitates formed by A. torulosa cells following 120 h of U exposure. The layer of yellowish uranyl precipitates that settled at
the bottom of the flask is indicated by black arrows underneath the brownish cell aggregates comprising bleached and degraded A. torulosa cells (yellow
arrows).
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exposure yielded a spectrum clearly identifiable as hydrated uranyl phosphate species,
H2(UO2)2(PO4)2·8H2O or chernikovite, a U(VI) autunite-type mineral (International Cen-
tre for Diffraction Data [ICDD] file 08-0296) (47, 48) (Fig. 4A). The fluorescence spectrum
of bioprecipitated U associated with 120-h U-exposed A. torulosa cells recorded with an
excitation wavelength of 400 nm revealed fluorescence peaks at 505, 526, 550, and 575
nm, characteristic of chernikovite/meta-autunite (47) in contrast to that from 0- or 24-h
U-exposed cells, which did not reveal any such peaks (Fig. 4B). The absence of
characteristic fluorescence peaks in 24-h U-exposed culture indicated that uranium
colocalization with polyP in 24 h probably did not result in uranyl phosphate precip-
itates, and that a longer U exposure (120 h) was required for the mineral formation by
A. torulosa cells via polyP degradation. This is in contrast to the earlier studies where
uranium accumulated intracellularly as precipitates closely associated with polyphos-
phate granules in Arthrobacter ilicis when exposed to 336 �M U for 1 h (18).

The X-ray absorption near edge structure (XANES) spectra of the bioprecipitated
uranium was observed to be identical to the reference sample of U(VI) carbonate. The
absorption edge position in the bioprecipitated or reference sample was consistent

FIG 4 Characterization of bioprecipitated uranium. (A) XRD spectra of A. torulosa cells before and after 120 h of exposure to 100 �M uranyl carbonate. (B)
Time-resolved fluorescence spectra of A. torulosa cells following 0 h, 24 h, and 120 h of uranium confrontation. The peaks at 505, 526, 550, and 575 nm,
characteristic of chernikovite/meta-autunite, were observed for 120-h uranyl-exposed cells. (C) Normalized uranium LIII edge XANES spectra of 10�3 M U(VI) in
1 M HClO4 (dotted line) and 120-h uranyl-exposed cells (solid line). (D and E) Uranium LIII edge k2-weighted EXAFS spectrum (D) and corresponding FT (E) of
uranium complexes formed by 120-h U-exposed A. torulosa cells. (F) Transmission electron micrographs of thin sections of A. torulosa cells before and after 120
h U exposure. The uranyl phosphate precipitates (indicated with arrows) were found to be scattered around the degraded cell aggregates. Uranyl composition
of the precipitates was previously confirmed by energy dispersive X-ray fluorescence (EDXRF) spectroscopy, which revealed all components of uranium L (UL)
X rays, i.e., ULl, UL�, UL�1, and UL�2.
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with uranium in a �6 oxidation state, i.e., U(VI) (49) (Fig. 4C). The k2-weighted X(r)
spectrum obtained from extended X-ray absorption fine structure (EXAFS) analysis and
the corresponding Fourier transform (FT) of the uranium complexes formed by A.
torulosa cells following 120 h of U exposure are presented in Fig. 4D and E, respectively,
along with the best theoretical fit obtained from the structure of meta-autunite (50).
The parameter results of the quantitative fit along with the errors are provided in Table
1, and the fittings in k space and r space are included in Fig. 4D and E, respectively.
The maximum number of independent points (Nidp) (obtained from Nyquist criteria,
Nidp � 2ΔkΔr/�, where Δk is the range over which the Fourier transform window is
nonzero and Δr is the range over which the fit is evaluated) (51) in the case of EXAFS
analysis was found to be 11.15, where Δk � 9 � 2 � 7 and Δr � 3.5 � 1 � 2.5. As the
same ΔE0 (correction in edge energy) was used for all the paths, the number of
parameters varied in this fit was 9, which was less than the number of independent
variables. The best fit consisted of 2.0 axial oxygen atoms, Oax, at a distance of 1.73 Å
and 4 equatorial oxygen atoms, Oeq, at 2.26 Å (Table 1 and Fig. 4E). The observed U-Oeq

bond distance of 2.26 Å is well within the range of earlier reported values for the
oxygen atoms of phosphate bound to uranyl (52). The best fit for phosphate associated
with uranium demonstrated 4 atoms at 3.56 Å (Table 1). This U-P distance is in
agreement with monodentate coordination of phosphate to the uranyl equatorial
plane similar to meta-autunite (50). Overall, the EXAFS analysis of the bioprecipitated U
sample (Table 1 and Fig. 4D and E) showed features and distances for U-Oax, U-Oeq, and
U-P consistent with that of a meta-autunite-like uranyl phosphate mineral (50, 53).

Transmission electron microscopic (TEM) analysis revealed the extracellular localiza-
tion of uranyl phosphate precipitates in 120-h U-treated cells (Fig. 4F). These uranyl
precipitates appeared as electron-dense needle-like fibrils disseminated in the vicinity
of the lysed and decomposed cells of 120-h U-exposed culture in contrast to control,
U-unchallenged intact cells (Fig. 4F). TEM observations of extracellular uranyl precipi-
tates around the degraded cells (Fig. 4F) correlate well with that of flask observations
(Fig. 3F), where the yellowish, fine, powdery, crystalline uranyl precipitates were found
to be scattered at the bottom of the flask beneath the decomposed A. torulosa cell
aggregates.

Inducible alkaline phosphatase activity, akinete germination, and regenera-
tion of U-exposed A. torulosa cells. The expression of alkaline phosphatase (APase) in
response to U exposure under phosphate-limited conditions was investigated in A.
torulosa. Control and U-challenged A. torulosa cells revealed minimal basal levels of
cell-associated alkaline phosphatase (APase) activity at 24 h, which increased signifi-
cantly in uranium-exposed cells by 384 h (�84�) compared with that of control
U-unchallenged cells which demonstrated an �27� increase in the activity over the
same duration (Fig. 5A). Negligible APase activity was detected in the culture super-
natants of control and U-exposed cells, establishing the cell-bound location of APase in
A. torulosa. A zymogram analysis of U-treated cells showed substantial induction of
alkaline phosphatase activity within 192 h of U exposure (the active APase was
visualized as multimeric protein), which was found to be stable during 384 h of uranyl
exposure (Fig. 5B). On the other hand, APase activity bands were observed only by 288
to 384 h of incubation in control U-unchallenged cells under phosphate-limited con-
ditions (Fig. 5B). Increased alkaline phosphatase (APase) activity and its induction
during sporulation under P� stress was reported in Anabaena doliolum (54). We had

TABLE 1 Structural parameters of the uranium complexes formed by A. torulosa cells
following 120 h of uranyl exposurea

Complex R N �2

U-Oax 1.73 � 0.02 2 0.001 � 0.001
U-Oeq 2.26 � 0.01 3.7 � 0.3 0.006 � 0.002
U-P 3.56 � 0.04 3.7 � 0.4 0.015 � 0.005
aR factor of 0.008.
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observed akinetes in 96- to 120-h U-exposed A. torulosa culture (Fig. 1A), whereas the
control U-unexposed culture showed akinete formation only by 384 h of incubation
(Fig. 1B) under P-limited conditions. The induction of APase activity has been shown as
a biochemical event preceding sporulation under P� stress in several cyanobacteria
(55).

Tiny green patches resembling small flakes typical of actively growing filaments
appeared to be floating on the top of the experimental solution in the flask within 240
h of U exposure (Fig. 5C, indicated by arrows). These green patches surrounded by
yellowish (bleached) cell aggregates (240 h), when subjected to microscopy, revealed
populations of decomposed cells, heterocysts, germinating akinetes, and few intact
green filaments, consistent with the characteristic features of a growing culture (Fig.
5D). The soluble inorganic phosphate (Pi) was found to be negligible (0.02 �M) by 192
h in uranium exposed culture compared with �8.02 �M in the control U-unexposed
culture (Table 2). Low soluble concentrations of phosphate (0.9 �M) were shown to

FIG 5 Regeneration of A. torulosa following prolonged uranyl exposure. (A) Alkaline phosphatase (APase) activity and the corresponding zymogram (B) of
control U-untreated cells or cells treated with 100 �M U at various time points during incubation for up to 384 h. The lanes in the zymogram (B) contained
cell extracts from control U-untreated cells and U-treated cells at 0 h (lane 2), 24 h (lane 3), 72 h (lane 4), 120 h (lane 5), 192 h (lane 6), 240 h (lane 7), 288 h
(lane 8), and 384 h (lane 9). Protein extracts (corresponding to 50 �g and 28 �g for control and U-treated cells, respectively, except for 19 �g in 288-h U-treated
cells) were electrophoretically resolved by nonreducing SDS-PAGE along with prestained molecular mass standards (lane 1) and stained for in-gel phosphatase
activity. (C) The flasks containing control U-unchallenged or U-challenged cultures demonstrating the regeneration following 384 h of uranium exposure. Also
seen here is a top view of the flasks containing U-exposed cultures at definite intervals. Tiny green patches (marked by red arrows) heralding the regeneration
were seen on the top of the experimental solution by 240 h of U exposure. (D) Bright-field microscopy (magnification, �1,500; bars indicate 5 �m) of
regenerating cultures corresponding to those shown in panel C. The germination of the akinetes is visualized by the elongation and division of the spore-like
cells (192 h, indicated by red arrow) followed by the emergence of the germling (216 h, indicated by red arrows) comprising 2 to 3 vegetative cells (the inset
in the image presents a closer view of the emerging germling). Images corresponding to 240 to 384 h of U exposure represent the progression of the
regeneration of the cells. (E) Growth of control and regenerated A. torulosa cultures following uranium exposure is represented by chlorophyll a contents.
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induce the germination of akinetes in Nodularia spumigena of Nostocales (56). The
germination of the akinetes in A. torulosa observed within 192 to 216 h of U exposure
was characterized by elongation and division of the spore-like cell followed by the
emergence of the germling, comprising 2 to 3 vegetative cells (Fig. 5D, indicated by
arrows) and was similar to that observed in Aphanizomenon ovalisporum (a Nostocales
species like Anabaena torulosa) (57, 58). Significant regeneration of A. torulosa was
observed following 384 h of continuous uranium exposure (Fig. 5C and D). Chlorophyll
a concentrations increased incrementally from 0.5 �g ml�1 at 240 h to 4.62 to 4.7 �g
ml�1 by 384 to 432 h in U-exposed cells, whereas a marginal decrease in chlorophyll a
was observed for control cells during the same period (Fig. 5E).

No polyphosphates were visualized in the regenerated or revived filaments of A.
torulosa subjected to toluidine blue staining, indicative of a polyphosphate-deficient
status of the revived cells (Fig. 6A). These cells were found to be extremely sensitive to
uranium toxicity and lysed immediately on exposure to 100 �M uranyl carbonate
(Fig. 6B). This is in agreement with the observations of polyphosphate-deficient cells of

TABLE 2 Stability of uranyl phosphate mineral following regeneration of A. torulosa cells

Time (h)

Control U treated

pH PO4
2� (�M) pH PO4

2� (�M) U (�M)

0 7.2 7.12 � 0.23 7.8 5.16 � 0.19 100 � 5
120 7.2 7.36 � 0.26 8.2 1.12 � 0.06 10.2 � 0.51
192 7.5 8.02 � 0.39 8.5 0.02 � 0.001 8.01 � 0.40
288 7.8 8.14 � 0.35 8.9 0.02 � 0.001 7.89 � 0.39
384 8.2 9.06 � 0.42 9.2 —a 5.0 � 0.25
a—, not available.

FIG 6 Features of regenerated A. torulosa cells and stability of the biomineralized uranyl following cell
regeneration. (A) Regenerated cells stained with toluidine blue were observed using bright-field micros-
copy in a Carl Zeiss Axioskop 40 microscope (Carl Zeiss, Germany) (magnification, �1,500; bars indicate
5 �m) following 240 to 384 h of uranium exposure. No polyphosphates were visualized in these
regenerating cells. (B) Regenerated cells exposed to 100 �M U for 5 min under shaking conditions were
observed using bright-field microscopy (bar indicates 5 �m). The regenerated cells showed lysis (marked
by black arrows) suggestive of their sensitivity to U toxicity. (C) Cells of A. torulosa were incubated with
100 �M U for 0 h, 24 h, or 384 h and the respective cell pellets were exposed to UV light and
photographed. The uranyl precipitates at the bottom of the regenerated biomass at 384 h displayed a
distinct green fluorescence (marked by yellow arrows) consistent with autunite mineral.
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Klebsiella aerogenes, which were found to be very sensitive to cadmium (44). The
soluble uranium and phosphate concentrations following uranium precipitation (�120
h) and cell regeneration (�192 h) were found to be negligible and remained largely
unaltered over the 384 h of uranyl exposure (Table 2), suggesting the stability of uranyl
phosphate (autunite) mineral during this period. Uranium release from autunite mineral
is known to be stimulated by a decrease in pH (ranging between 2 to 5) due to
microbial activities (59). The pH of the lysed/regenerated cultures appended with
uranyl precipitates was recorded in the range of 8.2 to 9.2, which is significantly higher
than the pH values known for promoting autunite dissolution (Table 2). However, the
exact reason for the observed increase in the pH of the regenerated cultures is currently
unknown. Cells unexposed to U or exposed to U for 0 h, 24 h, or 384 h were subjected
to centrifugation and the resulting cell pellets were exposed to UV light (excitation
wavelength [�ex], 380 nm) (Fig. 6C). The uranyl precipitates settled beneath the
regenerated A. torulosa cells displayed green-colored fluorescence consistent with
autunite mineral (47), thereby establishing the stability of biomineralized U following
the regeneration of A. torulosa (Fig. 6C). Cells unexposed to U or exposed to U for 24
h did not show any green fluorescence, excluding the possibility of uranium biomin-
eralization in such cells (Fig. 6C).

DISCUSSION

Cyanobacteria are known to be among the first organisms to appear on earth.
Having evolved 3.5 billion years ago, cyanobacteria have acquired extremely adaptable
ecophysiological traits to compete and survive in harsh environmental conditions (60).
The long evolutionary history is a testimony to their remarkable adaptability, thereby
presenting them as model organisms to study environmental stress responses. Our
findings revealed an interesting cascade of metabolic responses employed by the cells
of a naturally occurring, marine, filamentous diazotrophic cyanobacterium, Anabaena
torulosa, to mitigate sustained U toxicity, concurrently safeguarding its survival over an
extended period of U exposure, the results of which have been summarized in Fig. 7.

A. torulosa cells bound 65% of U (15.47 �g ml�1) when challenged with 100 �M
(23.8 �g ml�1) uranyl carbonate for 24 h at pH 7.8 (Fig. 3C) and showed the U was
concentrated in dense dark granules corresponding to polyphosphate bodies (Fig. 1A).
These results are in agreement with our previous observations on uranyl interactions
with this cyanobacterium (42, 61). The compartmentalization of uranium in polyphos-
phates in A. torulosa within 24 h of U exposure (Fig. 1A and 3C) made U less available
to the cells, thus minimizing U toxicity (42). The incorporation of heavy metals into
polyphosphates as a mechanism of metal detoxification has been reported in Anabaena
cells (41). The diminishing polyP levels under U exposure beyond 24 h suggested that
the cells metabolized polyP to maintain their growth under P-limited conditions by
degrading their polyphosphates (Fig. 3A and B). It is likely that �50% degradation in
polyphosphate levels by 36 h (Fig. 3A) resulted in the release of uranium complexed to
polyphosphates, which, on attaining the cellular toxic threshold levels, caused cell lysis
(Fig. 1A and 3B). Growth in the microalga Selenastrum capricornutum was shown to be
terminated when zinc stored in polyphosphate bodies was released and reached an
intracellular toxic threshold as the cells metabolized P for growth under phosphate-
limited conditions (62).

The formation of akinetes and their germination through APase activity leading to
cell regeneration following uranium biomineralization represent well-orchestrated cel-
lular adaptation of A. torulosa cells to overcome sustained uranium toxicity under
phosphate limitation. No such phenomenon of cell lysis and its subsequent regenera-
tion in 384 h was observed for control U-unchallenged cells, discounting any possibility
of “artifactual” behavior arising as a result of a general stress response under phosphate
limitation. The role of cyanobacterial akinetes as resting cells that are able to withstand
unfavorable conditions for extended periods of time is well documented (55, 63, 64).
The features exhibited by akinetes in U-exposed cultures of A. torulosa (Fig. 2) conform
to the previously reported observations on akinetes formed by different species of the
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filamentous heterocystous cyanobacteria belonging to Nostocales in response to stress,
showing (i) viability up to several years, (ii) more tolerance to physical extremes than
vegetative cells, and (iii) ready germination when placed under favorable conditions
(43, 65–67).

The cyanobacterial adaptations to cope with the phosphate-limited conditions
consistent with freshwater bodies or marine waters include akinete differentiation and
inducible enzyme (alkaline phosphatase) synthesis to transform organically bound
phosphate to a utilizable form (37, 46, 54, 56, 68). For example, the ecophysiological
aspects of the Aphanizomenon ovalisporum (belonging to Nostocales) bloom revealed
that the akinetes of the organism distributed in the water column and bottom
sediments of Lake Kinneret, Israel, and were formed under unfavorable conditions
prevailing in the months of winter and spring, which served as an inoculum for their
regeneration/reappearance as a bloom in summer and autumn of the following year
(57). While the nitrogen requirement of the developing Aphanizomenon population was
provided by nitrogen fixation by heterocysts, phosphorus was facilitated by its APase
activity under phosphate-limited conditions, which utilized the degradation products
of the decomposing cells of a dinoflagellate, Peridinium gatunense, as an organic P

FIG 7 Summary of the events exhibited by A. torulosa following exposure to 100 �M uranyl carbonate at pH 7.8 for 384 h, extending from cell lysis to
regeneration.
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substrate (57). In our study, the decomposed or degraded cells (or nucleic acids therein)
of A. torulosa appeared to serve as the organophosphate substrates for the APases
during regeneration. The higher number of heterocysts observed at the earlier stages
of A. torulosa regeneration (Fig. 5D) suggested nitrogen fixation, which might have
been beneficial for the developing culture. No detectable amounts of free or soluble
inorganic phosphate were found in regenerating culture solutions, indicating that the
phosphate released owing to alkaline phosphatase activity was assimilated by the
growing Anabaena cells to meet their extreme phosphate requirement under P-limited
conditions, and it barely contributed to any further precipitation of uranyl beyond 120
to 192 h of U exposure (Table 2). The regenerated cells did not show the presence of
polyphosphate bodies endorsing the great demand of phosphate by the cells for their
growth and metabolism during regeneration (Fig. 6A).

In conclusion, our results are the first to show the revival or regeneration of any
cyanobacterial strain in the presence of prolonged uranium exposure. It is very impor-
tant to mention here that the lysed (bleached) and decomposed cells of A. torulosa
(beyond 36 h of U challenge), if not incubated under stationary conditions, do not
revive or regenerate. This observation emphasizes the necessity of the precipitated
uranyl to settle in the container, generating a U-“free” environment, which facilitated
the akinete germination and subsequent cellular regeneration. The regenerated fila-
ments appeared on the upper region of the experimental medium where no measur-
able uranium concentrations were recorded. Following its transfer and growth in
phosphate-supplemented BG-11 medium for 72 to 96 h, the regenerated culture of A.
torulosa demonstrated a uranium binding efficiency comparable to that of the normal
fresh culture under similar experimental conditions. The regenerated cells removed
63.8% of the uranium from test solutions containing 100 �M uranyl carbonate within
24 h at pH 7.8. The present study is limited to uranium-specific responses in this
cyanobacterium. Further studies are required to validate these responses with respect
to other toxic contaminants/metals under similar phosphate-limited conditions.

MATERIALS AND METHODS
Culture and growth measurements. The filamentous, heterocystous, nitrogen-fixing, photoau-

totrophic, marine brackish water cyanobacterium, Anabaena torulosa was grown in combined nitrogen-
free BG-11 media (69) comprising 0.268 �M EDTA·Na2, 5.46 �M citric acid, 17.4 �M K2HPO4, 30.4 �M
MgSO4·7H2O, 24.4 �M CaCl2·2H2O, 16.1 �M Na2CO3·H2O, 2.73 �M FeSO4·7H2O, and Hoogland’s reagent
[46.4 �M H3BO3, 0.765 �M ZnSO4·7H2O, 1.61 �M NaMoO4·2H2O, 0.316 �M CuSO4·5H2O, 0.168 �M
CO(NO3)2·6H2O] at pH 7.2 under continuous shaking (120 rpm) and illumination (30 �E m�2 s�1) at 30°C.
A. torulosa was isolated earlier in our laboratory from the saline paddy fields of Trombay, Mumbai (38).
Growth was measured in terms of chlorophyll a content (70) or as absorbance (turbidity) of the cells at
750 nm.

Uranium exposure. Uranium exposure experiments were conducted in nitrogen-supplemented
(17.6 mM NaNO3) BG-11 medium lacking phosphate (P�). Nitrogen-supplemented conditions were found
to support better growth of Anabaena cells compared with that of nitrogen-deficient conditions in the
presence of uranium. Phosphate was omitted to avoid spontaneous precipitation and formation of stable
complexes with dihydrogen phosphate and hydrogen phosphate ions [UO2(H2PO4)3]� or [UO2(HPO4)2]2�

(71, 72). Each assay comprised 10 ml of nitrogen-supplemented BG-11 (P�) medium with or without 100
�M uranyl carbonate [UO2(CO3)2]2� at pH 7.8. The test solutions were allowed to equilibrate for 30 min
after uranyl additions. Cells were harvested in the mid-exponential phase of growth by centrifugation
(3,000 � g for 3 min), were washed twice with distilled water, and were used for uranyl exposure studies.
Experiments were initiated by inoculating a 5 �g chlorophyll a ml�1 equivalent of cells into the media
in the absence of U (controls) or presence of U (U treated), followed by an incubation up to 36 h under
continuous shaking and illumination. Beyond 36 h, the flasks containing control U-unchallenged or
U-challenged cultures were incubated under stationary conditions with continuous illumination.

Bright field and fluorescence microscopy. Bright-light and fluorescence microscopy of A. torulosa
cultures were carried out on a Carl Zeiss Axioskop 40 microscope (Carl Zeiss, Germany), and the images
were captured with a charge-coupled device (CCD) Axiocam MRc (Zeiss) camera at �1,500 (oil immer-
sion) magnification. Cells were assessed with fluorescence microscopy by exciting them with green light
(�, 520 nm), which is absorbed by phycocyanin, and visualizing the red chlorophyll a fluorescence (�, 680
nm) arising as a consequence of the resonant energy transfer from phycocyanin to chlorophyll a.

Staining and visualization of polyphosphate bodies. The polyphosphate bodies in the vegetative
cells were visualized using standard staining procedures. The cells were washed with distilled water, fixed
with 3% glutaraldehyde at 4°C for 30 min, and stained for 5 min with 0.05% toluidine blue (adjusted to
pH 1.0) (73). Cells stained for polyphosphates were rinsed briefly with 0.1 N HCl and were observed using
bright field microscopy using a Carl Zeiss Axioskop 40 microscope (Carl Zeiss, Germany) with oil-
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immersion objectives (100�). Polyphosphate bodies or granules stained with toluidine blue show a
characteristic red color (due to �-metachromasia) (73).

Akinete staining and laser scanning confocal microscopy. DAPI is known to form fluorescent
complexes with double-stranded DNA. The presence of nucleic acids in akinetes was visualized by DAPI
staining (74). A. torulosa cells/akinetes exposed to U for 96 h were immersed in DAPI solution (0.6% in
water) for 5 min and gently washed with sterile water. The resulting samples were observed under an
upright laser scanning confocal microscope (LSM 510 Meta; Carl Zeiss, Germany) using a UV laser source.
LSM software supplied with the microscope was used to display a wavelength color-coded view of the
nucleic acids in the akinetes.

Assays of uranium, polyphosphate, and inorganic phosphate. Aliquots (100 �l) were withdrawn
at timed intervals and centrifuged at 12,000 � g for 3 min for the estimation of cell-bound and residual
uranium. The uranium-loaded cell pellets (washed with distilled water to remove loosely bound uranium)
were digested with 0.2% HCl at room temperature. The supernatants (containing residual uranium) were
acidified with 0.01 N HCl to prevent precipitation. Uranyl concentrations in pellets and supernatants were
assayed spectrophotometrically using the Arsenazo III method (75).

For the total cellular polyphosphates, control and U-challenged cells (equivalent to 0.2 mg [dry
weight] ml�1) were harvested by centrifugation (10,000 � g for 10 min) and washed with isotonic saline.
Polyphosphates were precipitated and purified from the cells by the ice-cold trichloroacetic acid (TCA)
method (76). The purified polyphosphates were hydrolyzed with 1 N HCl at 100°C for 15 min and
analyzed for their inorganic phosphate (Pi) contents using a colorimetric (molybdenum blue)
method (76). For Pi measurements, test and standard solutions diluted appropriately with distilled
water were added to a mixture of 10% ascorbic acid and 0.42% ammonium molybdate (freshly
prepared). The resulting reaction mixtures were incubated at 45°C for 20 min, and the absorbances
were recorded at 820 nm.

X-ray diffraction analysis. The identity of uranium deposits associated with the cyanobacterial
biomass following 120 h of U exposure was confirmed with X-ray powder diffraction (XRD) analysis.
U-loaded biomass samples were examined using a high precision Philips powder X-ray diffractometer
(model PW 1071) with Ni-filtered Cu-K� radiation with an exposure time of 2 h. The diffraction pattern
was recorded for 2 h from 10 to 70o (2	) with step length of 0.02o (2	).

Fluorescence spectroscopy. The fluorescence spectra for cells exposed to uranium for 0 h, 24 h, and
120 h were recorded by means of a Jasco FP-6500 spectrofluorometer (Jasco, Japan) with an excitation
wavelength of 400 nm.

X-ray absorption spectroscopy. A. torulosa cells exposed to uranium for 120 h were harvested by
centrifugation (10,000 � g for 10 min) and washed with sterile distilled water to remove interfering
ingredients from the growth medium. The cell pellets were dried at 60°C, ground to homogeneity, and
analyzed by X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy to determine the oxidation state and the neighboring atoms of the complexed
uranium, respectively. A solution of 10�3 M [UO2(CO3)2]2� served as the reference sample for the
oxidation state of uranium, i.e., U(VI) confirmed previously with UV-Vis spectroscopy (72).

Uranium LIII edge XAS measurements were carried out in fluorescence mode at the Scanning EXAFS
beamline (BL-9) of INDUS-2 synchrotron source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for
Advanced Technology (RRCAT), Indore, India (77). The beamline uses a double crystal monochromator
(DCM) which works in the photon energy range of 4 to 25 keV with a resolution of 104 at 10 keV. The
EXAFS spectra of the samples at U LIII edge were recorded in the energy range of 17,050 to 17,600 eV
and were analyzed according to the standard procedures using the program available within the IFEFFIT
software package (78). This included background subtraction, data reduction, and Fourier transform (FT)
to derive the FT-EXAFS, X(r) versus radial distance, r spectra from the absorption spectra, generating the
theoretical EXAFS spectra starting from an assumed crystallographic structure, and finally fitting of the
experimental data with the theoretical spectra using the FEFF 6.0 code. The bond distances, coordination
numbers, and disorder (Debye-Waller) factors (
2) were used as fitting parameters. The fits were
performed in r space with an r range of 1 to 3.5 Å, while a k range of 2 to 9 Å was used for the Fourier
transform. The experimental X(r) versus r spectra of the uranium-treated samples at U LIII edge were fitted
from 1 to 3.5 Å with the theoretical model comprising axial oxygen, U-Oax, and equatorial oxygen, U-Oeq,
shells and one shell of phosphate, i.e., U-P. During the fitting, the coordination number (N) of the U-Oax

bond was held constant at 2. The R (goodness of fit) factor for this fit was found to be 0.008, suggesting
a good fit of the data.

Transmission electron microscopy. Control U-unchallenged cells or cells challenged with 100 �M
uranyl carbonate for 120 h were washed twice with 50 mM cacodylate buffer (pH 7.4) and fixed in a
solution (2.5% glutaraldehyde plus 0.5% formaldehyde) overnight at 4°C (17). Following three washes
with cacodylate buffer, cells were embedded in 2% noble agar and dehydrated in a graded series of
ethanol (30, 60, 75, 90, and 100%). After removal of the ethanol by treatment with propylene oxide,
blocks were subsequently infiltrated with Spurr’s reagent on incubation with 1:3, 3:1, and 1:1 (vol/vol
propylene oxide/Spurr’s reagent) for 2 h each. The samples were finally infiltrated with Spurr’s resin for
16 h and embedded in it by incubation at 60°C for 72 h. Thin sections of samples were prepared with
a microtome (Leica, Germany) and placed on 200-mesh Formvar-coated copper grids and viewed with
a Libra 120 plus transmission electron microscope (Carl Zeiss, Germany) (17).

Alkaline phosphatase expression via activity assays and zymogram. Cell-based alkaline phos-
phatase activities in untreated and U-treated A. torulosa cells were determined with the substrate
para-nitrophenyl phosphate (p-NPP) as described earlier (17). Assays were carried out in 50 mM Tris-Cl
buffer (pH 9), and the enzyme activity was expressed as nmol of para-nitrophenol (p-NP) liberated per
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min per mg of total protein. For the zymogram, A. torulosa cells/aggregates were washed with distilled
water and resuspended in 50 mM Tris-Cl buffer (pH 8.0) and were subjected to repeated freeze-thaw
cycles (4 cycles alternating between liquid nitrogen and 37°C). The cell extracts were obtained by
centrifugation at 6,000 � g for 10 min. Protein concentrations in the cell lysates were determined by a
modified Lowry’s method (79). An in-gel zymogram assay was carried out by resolving the cell extracts
electrophoretically on 12% SDS-PAGE followed by staining with nitro-blue-tetrazolium chloride/5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP; Roche Chemicals, Germany) in 50 mM Tris-Cl buffer (pH 9) (17).

Statistical analyses. Each experiment comprising three replicates was repeated at least three times.
Average values with standard errors are shown for a representative experiment. The variation among
different experiments was less than 10%.
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