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Thermoacidophilic archaea are found in heavy metal-rich environ-
ments, and, in some cases, these microorganisms are causative agents
of metal mobilization through cellular processes related to their
bioenergetics. Given the nature of their habitats, these microorgan-
isms must deal with the potentially toxic effect of heavy metals. Here,
we show that two thermoacidophilic Metallosphaera species with
nearly identical (99.99%) genomes differed significantly in their sen-
sitivity and reactivity to uranium (U). Metallosphaera prunae, isolated
from a smoldering heap on a uranium mine in Thiiringen, Germany,
could be viewed as a “spontaneous mutant” of Metallosphaera sed-
ula, an isolate from Pisciarelli Solfatara near Naples. Metallosphaera
prunae tolerated triuranium octaoxide (U3Og) and soluble uranium
[U(VI)] to a much greater extent than M. sedula. Within 15 min fol-
lowing exposure to “U(VI) shock,” M. sedula, and not M. prunae,
exhibited transcriptomic features associated with severe stress re-
sponse. Furthermore, within 15 min post-U(VI) shock, M. prunae, and
not M. sedula, showed evidence of substantial degradation of cellular
RNA, suggesting that transcriptional and translational processes were
aborted as a dynamic mechanism for resisting U toxicity; by 60 min
post-U(VI) shock, RNA integrity in M. prunae recovered, and known
modes for heavy metal resistance were activated. In addition, M. sed-
ula rapidly oxidized solid U3Og to soluble U(VI) for bioenergetic pur-
poses, a chemolithoautotrophic feature not previously reported.
M. prunae, however, did not solubilize solid UsOg to any significant
extent, thereby not exacerbating U(VI) toxicity. These results point
to uranium extremophily as an adaptive, rather than intrinsic, feature
for Metallosphaera species, driven by environmental factors.

uranium oxidation | uranium resistance | chemolithotrophy |
terminal oxidases

Uranium (U) is a naturally occurring element, so it is not
surprising that many environmental microorganisms coexist
with, and even carry out biotransformations involving, this metal.
U has a high binding affinity for phosphoryl and carboxyl groups,
such that the metal can associate with cell wall components (1),
lipopolysaccharides (2), and peptidoglycan (3), in particular. Dis-
similatory, iron-reducing bacteria can reduce soluble U(VI) to in-
soluble U(IV) as a detoxification step, mediated by membrane-
bound c-type cytochromes (4-6). In addition to limiting uranium
toxicity by converting soluble U(VI) to insoluble U(IV), mem-
brane-bound acid and alkaline phosphatases can respond dynami-
cally to external conditions to release phosphate for metal ion
binding (7, 8). It has been shown that the conductive pili of Geo-
bacter function as sites of U(VI) reduction and prevent its accu-
mulation in the periplasm (9). Bioprocesses have been considered
for U recovery. Acidithiobacillus ferrooxidans, a mesophilic extreme
acidophile, was able to extract 87% of bound uranium from low-
grade uranium ore by catalyzing the formation of Fe(III) from Fe
(IT), which then in turn chemically oxidized U(IV) in uraninite to
soluble U(VI) (10). In fact, even in the case of nonpyritic U ores, Fe
(I1T) can be supplied to drive U solubilization (11). Direct anaerobic
oxidation of uraninite, U(IV) to U(VI), has been observed with
nitrate-reducing Thiobacillus denitrificans using c-type cytochromes
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(12, 13). Oxidation of soluble uranous to uranyl ions coupled to
CO, fixation has been demonstrated for A. ferrooxidans (14).

The genus Metallosphaera is comprised of extremely thermoa-
cidophilic archaea that have been isolated from hot, acidic envi-
ronments worldwide (15-17). Like A. ferrooxidans, Metallosphaera
species are capable of mobilizing heavy metals from pyritic ores,
based on their ability to oxidize iron and sulfur, mediated by an
array of terminal oxidases associated with their cell membranes
(18, 19). Of the Metallosphaera species isolated to date, Metal-
losphaera sedula and Metallosphaera prunae have the highest op-
timum temperature for growth (70-75 °C) and lowest pH optimum
(2.0). M. sedula was initially isolated from Pisciarelli Solfatara near
Naples (16), and M. prunae was isolated from an abandoned ura-
nium mine in Thiiringen, Germany (15), which begs the question of
whether the U-laden growth environment of M. prunae impacts its
sensitivity and reactivity to this heavy metal. This issue was exam-
ined by comparing the genome sequences of these two archaea, as
well as by examining their microbiological and transcriptional re-
sponse to solid and soluble forms of uranium.

Results

M. prunae Is a U-Resistant “Spontaneous Mutant” of M. sedula That Is
Supported by Microbiological Data and Genome Sequencing. Fig. 14
shows that when exposed to solid, spent (i.e., nonradioactive)
triuranium octaoxide (U;Og) from a nuclear power plant, M.
prunae grew to densities in excess of 6 x 108 cells/mL, whereas no
net increase in M. sedula cell densities was observed. Further-
more, U(VI) concentrations increased in the case of M. sedula,
but decreased in the case of M. prunae. Abiotic controls behaved
similarly to the M. prunae case (Fig. 14).

Sequencing results indicated that the M. sedula and M. prunae
genomes were nearly identical, but different from the genome of
another member of this genus, Metallosphaera cuprina (17, 20). In
fact, only 220 nt of 2.2 Mb were different in M. prunae compared
with M. sedula (21); in coding regions, 79 single mutations corre-
sponded to 38 frameshifts and 23 in-frame amino acid substitutions
(Fig. 1B and Table S1). The highest number of mutations occurred
in a pseudogene, Msed_1426 (17 mutations leading to several
amino acid substitutions). All ORFs in M. prunae mapped to M.
sedula and vice versa, such that M. prunae might be considered as
a spontaneous mutant of M. sedula rather than a separate species.

The 38 frameshifted ORFs created translational truncations of
the associated encoded genes (Fig. 1B and Table S1). In most
cases, no direct connection between most of the 38 proteins

Author contributions: A.M., P.H.B., and R.M.K. designed research; A.M., G.H.W., and
R.M.K. performed research; A.M., G.H.W., and R.M.K. analyzed data; and A.M. and
R.M.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The data reported in this paper have been deposited in the Gene Ex-
pression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE40796).

To whom correspondence should be addressed. E-mail: rmkelly@ncsu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1210904109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1210904109


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210904109/-/DCSupplemental/pnas.201210904SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210904109/-/DCSupplemental/pnas.201210904SI.pdf?targetid=nameddest=ST1
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40796
mailto:rmkelly@ncsu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210904109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210904109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1210904109

L T

/

1\

BN AS  PNAS D)

Downloaded by guest on February 26, 2022

256 1 2
M. prunae
E £
: )
[ ~ ¢ i
b 2 ¢ 2
2 E - 3
X = X -
= s 3 2
Z 5 £ 5
§ §
< 3
8 g
Time (h) Time (h)
B Mcuprina
W 100% icentity
70% identity
TGT hypothetical 50% identity
tRNA_int_endo__ Ribosomal_L24E .
FKBP_C |l = hypothetical
HypE : Ribosomal_s17 I 100% icentty
YbiR_permease : hypothetical W 0% idgentity
Thymidylate kinase Rieske
70% identity
hypothetical . Stop codons
RfaG. ~_ L Fig. 1. Phenotype and genotype comparison be-
hypothetical._ __Coxl tween M. sedula and M. prunae. (A) Growth on
— heterotrophic media in the presence uranium octa-
oxide [U3Og; 0.125 % (wt/vol)] (CJ) and under normal
iicieoanty o conditions (M) for M. sedula (Left) and M. prunae
S s 2015; :1e;abse A8 hypefhetcs: (Right). Cell densities have been plotted on log, scale.
. P < CEE A Note that no significant growth of M. sedula was

hdrC

>
phosphate transporter

esterase” -

hypothetical ¢ hypothetical
PK

A\ ™
! | . ATPase

hypothetical fumarase

associated with these frameshifts and metal transformations was
evident. However, potential roles in heavy metal oxidation could be
the case for Msed_0322 (Rieske 2Fe-2S protein) and Msed_0485
(cytochrome ¢ oxidase, subunit I); these belong to the two iron ox-
idation clusters in M. sedula genome (18). Other truncated ORFs
with possible relationships to heavy metal resistance included sev-
eral major facilitator transporters (Msed_0310, Msed_0420, and
Msed_0972) and a phosphate transporter (Msed_1512). Msed_1512
is related to Pho84 in Saccharomyces cerevisiae, which is believed to
function as a metal-phosphate importer. Msed_2086, which is re-
lated to arsenite permease/transporter (ArsB) in Sulfolobus sol-
fataricus, was also truncated by a frameshifting mutation.

Transcriptional Response of Metallosphaera Species to “U(VI) Shock”
Reveals Differentiating Physiological Features. The U toxicity result-
ing from growth in the presence of solid U;Og likely arose, to some
extent, from high levels of soluble U(VI) that were generated in the
case of M. sedula. As such, both species were subjected to U(VI)
shock, where 1.0 mM uranyl acetate was added to the culture after
13 h of growth (cell density, 1 x 108 cells/mL) when cells were in
early exponential phase (Fig. 24). Cell densities in both cases de-
clined immediately post-U(VI) shock and eventually recovered
such that growth was initiated at ~¢f = 38 h for M. prunae (25 h post-
U shock) and ¢ = 58 h for M. sedula (45 h post-U shock). Recovery
appeared to coincide with declining U(VI) concentrations, likely
the result of coprecipitation of U(VI) with medium components, as
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hypothetical

Lactamase_B

observed in the presence of the heavy metal. U(VI)
FﬂrTsRmem concentration (A, biotic; O, abiotic control) in the
P media increases with time for M. sedula, whereas it
decreases for M. prunae and control. No growth was
observed for either microorganism in the presence of
0.25 % (wt/vol) U3Os. (B) M. sedula genome is shown
as the innermost ring (2,191,517 bp) along with the
degree of similarity to M. cuprina (red ring) and M.
prunae (blue ring). The mutations in M. prunae ge-
nome that lead to truncation of proteins have been
indicated.

noted in abiotic controls (Fig. 24). Transcriptomes were compared
for samples taken 180 min postshock (U180; Fig. 2B, Table S2, and
Fig. S14). M. prunae had 128 genes (~5% of genome) showing
twofold change [normal vs. U(VI) shock], compared with 307 genes
(~15% of genome) for M. sedula. Many genes implicated in DNA
repair, recombination, and stress response were triggered in
M. sedula, but not in M. prunae (Table S2). Five vapBC toxin—anti-
toxin genes were up-regulated in M. sedula as a result of the shock,
and only one for M. prunae (Table S2). vapBC TA loci have been
implicated in stress response for a related thermoacidophile, Sulfo-
lobus solfataricus (22, 23). In M. sedula, a histidine biosynthesis op-
eron (Msed_1943-Msed_1950) was up-regulated, suggesting that
the metal-binding capacity of His could help to reduce intracellular
uranium toxicity. Many transcriptional regulators responded in
M. sedula, including Msed 0192, which was down-regulated in
M. sedula 14-fold, but unaffected in M. prunae. Global transcrip-
tional regulators uspA (Msed_0254) and fur (Msed_0767) were
significantly up-regulated in M. sedula on uranium shock, along
with transcriptional regulators belonging to AsnC, XRE, and GntR
families. Though the specific roles of these regulators is not clear, the
U180 transcriptome points to a more pronounced effect of uranium
on M. sedula metabolism and physiology compared with M. prunae.

To further pursue the relationship between transcriptomes and
U(VI) exposure so to glean insights about resistance mechanisms,
shorter time frames postshock were examined (Tables S3 and S4).
Transcriptomes from normal growth (N) of the two species were
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compared with U(VI)-shocked cultures sampled at 60 min (U60)
after 1 mM uranyl acetate addition. For the shorter time (U60),
M. prunae showed minimal response, with only 15 genes differ-
entially transcribed twofold or more (5 up/10 down) compared
with 176 for M. sedula. Most of the differentially transcribed
OREFs at U60 in both species also were noted in the U180 tran-
scriptomes (Fig. S2 and Tables S3-S5). At U60, a copper-trans-
porting ATPase (Msed_0490, CopA) and a metallochaperone
(Msed_0491, CopM), previously implicated in Cu resistance (24),
were up-regulated for both species, but much more so in M.
sedula (10-fold and 12-fold, respectively) than M. prunae (twofold
and twofold, respectively; Table S6).

An attempt was made to determine the transcriptomes at 15
min post-U(VI) shock (U15). Here, an interesting observation
was made during the RNA quality check done before running the
microarrays: RNA for M. sedula for the U15 samples retained
integrity when viewed on an agarose gel. However, the U15 M.
prunae RNA sample showed extensive degradation (Fig. 34).
Three biological repeats confirmed this result. The possibility
that heightened ribonuclease levels were responsible for RNA
degradation was considered. Total ribonuclease activities in cell
extracts increased significantly at U15 for both species, with
levels in M. prunae significantly higher than in M. sedula; levels
continue to increase for both species at U60 (Fig. 3B). Tran-
scriptomes for M. sedula (comparing N, U15, and U60) and M.
prunae (comparing N and U60; RNA was not suitable for the
U15 sample) separately showed up-regulation of genes encoding
endo- and exonucleases for both species in the U60 samples (Fig.

16704 | www.pnas.org/cgi/doi/10.1073/pnas.1210904109

log; fold change (MseN - MseU180)

(164 up/143 down) as a result of U(VI) addition in
contrast to 128 ORFs (79 up/49 down) for M. prunae.

3C). At U60, M. sedula exhibited up-regulation of several genes
associated with the exosome complex, as well as several RNases
and putative vapC toxins (Msed_0899 and Msed_1385). M. prunae
showed up-regulation for two putative vapC toxins (Msed_0899
and Msed_1307). 2D gel electrophoresis of the U15 and N cell
extracts revealed no significant insights that correlated to the in-
crease in ribonuclease activity (Fig. S3). Cell extracts from samples
taken 15 h post-U(VI) shock, as growth restarted, showed that M.
prunae ribonuclease activity dropped significantly from U60 levels
[112 relative fluorescence units (RFU)/min or 1.6x the normal
growth RNase activity], whereas M. sedula RNase activity continued
to increase (230 RFU/min or 3x the normal growth RNase activity).

Taken together, the U(VI) shock results suggest that M. prunae
resists U toxicity to a much greater extent than M. sedula. At least
in part, this is accomplished by essentially aborting transcription;
attempts to reverse-transcribe RNA from the Ul15 M. prunae
samples were unsuccessful (note the RNA smearing in the M.
prunae U15 samples compared with M. sedula; Fig. 34). Further-
more, from Fig. 34, substantial degradation of ribosomal RNA has
occurred in the M. prunae U15 sample, suggesting that translation
was also impacted. In the samples for U60, neither archaea showed
any evidence of RNA degradation. The integrity of genomic DNA
obtained from the U shock cultures (U15 and U60) of both species
was unaffected by U shock. No specific RNase could be identified
as responsible for RNA degradation in M. prunae at U15, but the
possible role of toxin—antitoxin systems, perhaps involving one or
more VapBCs, is intriguing. The current paradigm is that these
toxins are activated as ribonucleases when they disassociate from
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Gene D Product description

Msed_0076 | exosome RNA-binding protein Rrp4
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i:g Msed_0078 | exosome RNA-binding protein Rrpd2
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15 Msed_0657 | RNA modification protein

i Msed_0661 |RNase HIl

;’.’i.g Msed_0899 | Putative toxin vapC

53 Msed_1307 | Putative toxin vapC

the antitoxin, an event that would not be detected by the methods
used here (25).

M. sedula, and Not M. prunae, Directly Oxidizes U305 to U(VI) Under
Chemolithoautotrophic Conditions. The U(VI) shock experiments
revealed that, after short time exposure to the heavy metal, M.
prunae minimizes its metabolism through degradation of cellular
RNA. However, the results in Fig. 14 show that M. prunae is also
less susceptible to solid U3Og and that U(VI) levels increased in the
M. sedula culture; note that this result was obtained for growth
under heterotrophic conditions. Given that Metallosphaera species
are capable of Fe(II) oxidation to Fe(III) for bioenergetic benefit,
the possibility that U(IV) or U(V) could serve as an energy source
under chemolithoautotrophic conditions was examined. In fact,
oxidation of U(IV) or U(V) to U(VI) could exacerbate U toxicity.
Heterotrophically grown cells were harvested and yeast extract
(YE) was removed by centrifugation. Chemolithoautotrophic
growth was initiated in the presence of U308 by inoculating the
cells at a high initial cell density, 1.5 x 10® cells/mL. There was
adrop in cell density until 48 h, after which the cell density leveled
off at 10® cells/mL. M. sedula but not M. prunae, was able to
completely solubilize all of the spent uranium added to the culture.
The yellow color in the culture was associated with the formation of
a precipitate (Fig. 4B). X-ray diffraction (XRD) analysis confirmed
this material to be ammonium uranyl phosphate trihydrate
[NH,UO,PO,4 (H;0)3]. SEM and XRD confirmed that there was
no detectable U;Og in M. sedula cultures after incubation, whereas
it was detected for abiotic control as well as M. prunae. This finding
suggested that M. sedula was directly oxidizing the spent uranium to
soluble U(VI), a result confirmed by inductively coupled plasma
(ICP)-MS analysis (Fig. 4C). The transcriptomes of the two archaea
were compared at 2 d following exposure to the spent uranium to
determine if specific terminal oxidases in each archaeon were re-
sponsive to U3Og (Fig. 44, Fig. S1B, and Table S7). Although
neither culture increased in cell density, the M. sedula and M.
prunae transcriptomes suggested significant levels of metabolic
activity and implicated the five terminal oxidase clusters associated
with the Metallosphaera membranes, albeit in different ways and to
different extents (Fig. 44). soxABCDD'L (Msed_0285-Msed_0290),
a proton pump encoded in a single operon in Sulfolobus acid-
ocaldarius (26), was induced during growth on sulfur/tetrathionate,
compared with organic carbon or iron (18, 27). Here, this operon
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repeats are shown for each condition. 23S and 16S
rRNA bands have been indicated. (B) Ribonuclease
activity in cell extracts for M. sedula and M. prunae
from the three conditions (N, U15, and U60). (C)
Heat plot showing response of selected ribonu-
cleases in M. sedula and M. prunae to U(VI) shock,
comparing N, U(15) (M. sedula only), and U60. RNA
from M. prunae U15 cultures could not be reverse
transcribed to ¢DNA and hence data from that
condition is not available (X). NC, no change; fold
change between U60 and N conditions <2.

was highly transcribed in M. sedula compared with M. prunae. sox-
EFGHIM (Msed_0319-Msed_0324) was first identified in S. acid-
ocaldarius through the presence of soxM, a gene fusion of subunits I
and III of cytochrome ¢ oxidase (28). It was proposed that soxF
(Rieske 2Fe-2S protein), soxG (cytochrome b), soxH (coxII), and
soxI (hypothetical protein) belong to an operon, but soxE (sulfo-
cyanin) and soxM (fusion of coxI and coxIIl) were transcribed sep-
arately (29). The soxM complex for M. sedula was noted previously to
be highly transcribed under heterotrophic compared with chemo-
lithoautotrophic growth (27). Our results here indicate that the
corresponding operon Msed_0319-Msed_0322 (soxF-soxI) was up-
regulated in M. prunae compared with M. sedula, whereas
Msed_0323-Msed_0324 (soxM, soxE ) was down-regulated. Whether
the frameshifting mutation in soxF in M. prunae, which encodes a
protein responsible for transfer of electrons to SoxM (terminal
electron acceptor) via SoxE, was a factor is yet to be determined.
foxAA'BCDEFGHI (Msed 0468-Msed_0485) has been shown to
be involved in iron (Fe**) oxidation in Sulfolobus metallicus and
M. sedula (18, 19). cbsA (Msed_0504), a monoheme cytochrome
bssg/see, Was 3.5-fold up-regulated in M. sedula compared with
M. prunae; this gene encodes a surface-exposed S-layer protein with
N-glycosylated and O-glycosylated sugar residues (30). It has been
shown that this gene was highly transcribed during chemolitho-
autotrophic growth (iron pyrite and elemental sulfur) compared
with heterotrophic growth (19, 27). Rusticyanin (Msed_1206), a
blue copper protein involved in iron oxidation, was up-regulated in
M. sedula compared with M. prunae. Also, DoxDA (Msed_0363—
Msed_0364), proteins implicated in thiosulfate and sulfur oxidation
(19), were up-regulated in M. sedula compared with M. prunae.
Components of the terminal oxidase clusters discussed above
that were up-regulated in M. sedula could all play roles in the
direct oxidation of U3;Og by M. sedula. However, previous tran-
scriptional response analysis of M. sedula growth on acid in-
soluble (pyrite) and soluble iron indicated that metal oxidation
involves foxA/foxA’ (cytochrome ¢ oxidase, subunit I) in the fox
cluster (Msed_0468-Msed_0485) (19). Exposure of both species
to spent uranium under chemolithoautotrophic conditions led to
significant down-regulation of fox4 and foxA’ (Msed_0484 and
Msed_0485) transcripts for M. prunae compared with M. sedula.
The frameshifting mutation in Msed_0485 (foxA') could have
had a polar effect on Msed 0484-Msed 0485 transcription,
thereby impairing M. prunae’s ability to oxidize spent uranium. In
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fact, M. prunae was far less proficient in oxidizing Fe(IT) compared
with M. sedula (Fig. S4). Thus, it is possible that M. sedula is
attempting to oxidize U305 to U(VI) with an iron-oxidizing com-
plex. Not only does the generation of U(VI) by M. sedula likely
exacerbate uranium toxicity, but the U(VI)/U(IV) redox couple (+
0.26 V) (12) is bioenergetically poor compared with the Fe(III)/Fe
(IT) couple (+0.77 V) (14). Taken together, M. sedula growth on
spent uranium was ultimately very limited, despite transcriptomal
evidence of a high level of metabolic activity. For M. prunae,
however, minimal amounts of U;Og oxidation to U(VI) seem to be
yet another mechanism for avoiding the potentially toxic effect of
the solubilized heavy metal.

Discussion

Resistance to Uranium Toxicity in M. prunae Has Passive and Active
Elements. The results presented here suggest that the M. prunae
genome is a mutated version of the M. sedula genome that enables
M. prunae to adapt to survival in an environment with high levels of
uranium. In contrast to M. sedula, M. prunae exhibited few, if any,
previously known signs of stress response when subjected to U(VI)
shock, suggesting that it has developed mechanisms, active and
passive, to resist the deleterious effect of this heavy metal. To this
point, as shown in Fig. 3, M. prunae appears to minimize its cellular
and metabolic activity by shutting down transcription and translation
when suddenly confronted with toxic levels of uranium. Though
specific ribonucleases have not been identified as a key factor in this
process, the possible stress response role of toxin—antitoxin loci (23)
needs to be considered. M. prunae also employs a passive mechanism
to resist uranium, given that, unlike M. sedula, it showed minimal
capacity to directly oxidize U;Og to soluble U(VI), even when
this was the only bioenergetic substrate available. Transcriptomic

16706 | www.pnas.org/cgi/doi/10.1073/pnas.1210904109
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Fig. 4. Incubation of M. sedula (Mse) and M. pru-
nae (Mpr) with U3Og under chemolithoautotrophic
conditions. (A) Heat plots based on mixed-effects
model ANOVA analysis of transcriptional response of
ORFs encoding five membrane-associated terminal
oxidase complexes to chemolithoautotrophic con-
ditions [0.1 % (wt/vol) UsOg with CO, supplementa-
tion in the headspace]. Table S7 shows the fold
changes for the heat plots represented in this figure.
(B) M. sedula and M. prunae and abiotic control in-
cubated with 0.125 % (wt/vol) U3Og, and headspace
supplemented with CO,. (Upper Left) UsOg before
inoculation. (Upper Right) Filter cake collected from
M. sedula cultures after 7 d postinoculation. (Lower
Left) Abiotic control after 7 d. (Lower Right) Yellow
coloration in M. sedula cultures after 3 d. (C) Uranyl
ion analysis of supernatant from B using ICP-MS
analysis. Samples taken from M. sedula, M. prunae,
and abiotic control (control) comparing day 0 and
day 8.

Day8

analysis also hinted at other mechanisms, including the possible role
of a siderophore that sequesters uranium because genes encoding
an operon (Msed_0805-Msed_0807), which is homologous to iron
complex transport system in other microorganisms (31), was highly
induced during U(VI) shock in M. prunae and not M. sedula.

Microbial Extremophily—An Intrinsic or Adaptive Physiological Char-
acteristic? In a sense, the resistance of M. prunae to uranium can be
viewed as an expanded extremophily, an adaptation in which heavy
metal resistance is superimposed on other unique physiological
characteristics (thermophily and acidophily) that are germane
to this genus. It is interesting that the M. prunae and M. sedula
genomes are nearly identical and that no identifiable ORFs (or
pieces thereof) appear in one of these archaeon’s genome and not
the other. The spontaneous mutations in M. sedula that have ap-
parently conferred U resistance and limited the capacity to generate
oxidized forms of the metal are consistent with the needs dictated by
M. prunae’s environmental niche in a U deposit. Whether already
extremophilic microorganisms, in general, are intrinsically better
suited for additional adaptations to harsh environments remains to
be seen. However, the results described here indicate that heavy
metal extremophily is not, in all cases, necessarily a core genomic
feature of thermoacidophiles.

A larger issue that arises is how to bridge microbial taxonomy
between the pregenomics and postgenomics eras. What constitutes
a new genus, species, or strain of a microorganism now compared
with then? The close relationship between the genomes of M.
sedula and M. prunae suggests that one is likely the progenitor of
the other; however, their vastly different growth physiology in the
presence of U, in the absence of genome sequence information,
would have made this determination difficult. Going forward, one
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wonders how much of our previous understanding of microbial
biology, extremophily, or otherwise is based on confusion between
genotype and phenotype.

Materials and Methods

Microbial Physiology. For all experiments, M. sedula and M. prunae cultures
were grown aerobically in DSMZ88 media at pH 2.0 and 70 °C with a shaking
rate of 90 rpm. Detailed description of DSMZ88 media composition is
mentioned in S/ Materials and Methods. Genomic DNA for genome se-
quencing of M. prunae and for quality check of U shock cultures for both
species was prepared as described previously (32). For the experiments
reported in Fig. 14, 0.125 % (wt/vol) spent (nonradioactive) UsOg and 0.2 %
(wt/vol) YE were added to the medium. The U3Og was 99.5% pure (analysis
by Department of Nuclear Engineering, North Carolina State University); this
form of U3Og has been reported to have a mean oxidation state of +5.3,
based on XANES spectra (33). Cell densities were determined by epifluor-
escence microscopy using acridine orange stain. For chemolithoautotrophic
growth on 0.125 % (wt/vol) UsOg, M. sedula and M. prunae inocula were
obtained by resuspending a heterotrophically grown cell pellet formed by
centrifugation at 6,080 x g for 15 min in DSMZ88 media without YE and
with CO, supplementation in the headspace. For ICP-MS (U analysis), 3-mL
samples were collected at the initial time point and after 7 d. The 3-mL
samples were split into two tubes as technical replicates and spun at 6,000 x
g for 15 min to remove precipitates. The supernatant was collected and sent
to North Carolina State University’s Department of Soil Science for ICP-MS
analysis. Cultures were grown under chemolithoautotrophic conditions
(discussed previously) for SEM and XRD analysis of the precipitated material
from M. sedula, M. prunae, and abiotic control. The material was analyzed
at the Analytical Instrumentation Facility at North Carolina State University.

Transcriptional Response Experiments. The whole-genome transcriptional re-
sponse experiments were designed to compare the interspecies response when
challenged with solid 0.1 % (wt/vol) U3Og [lower UsOg % (wt/vol) was used for
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the transcriptomic experiments to exclusively analyze the bioenergetics ele-
ments and not stress response] and also the response of individual species to
U(VI) shock. For U(VI) shock, heterotrophic cultures [0.2 % (wt/vol) YE] were
challenged in early exponential growth (t = 13 h, cell density ~1 x 10° cells/mL)
with 1 mM uranyl acetate. Cultures were harvested 15 min (U15), 60 min (U60),
and 180 min (U180) after uranyl acetate addition. The reference culture was
grown under the same conditions, but was not challenged with uranyl acetate.
For UsOg oxidation, cultures adapted from heterotrophic[0.2 % (wt/vol) YE] to
chemolithoautotrophic growth [0.1 % (wt/vol) U30g with CO, supplementa-
tion in the headspace], and was accomplished as described above. Cultures
were harvested 48 h after inoculation. For both experiments, cells were har-
vested by rapid chilling and then passage through a 3-ym filter to remove
precipitates followed by centrifugation at 6,080 x g for 15 min. Cell pellets
were washed with Tris-EDTA buffer to remove residual media.

RNA extraction and purification was done using TRIzol reagent (Invitrogen).
RNA from biological repeats for each condition was pooled together and re-
verse-transcribed to ¢cDNA using SuperScript Il Reverse Transcriptase (Invi-
trogen). The cDNA was labeled with either Cy3 or Cy5 dye (GE Healthcare) and
hybridized onto the M. sedula array, which was constructed as described pre-
viously (18, 19, 21). The same array was used for hybridizing both species, be-
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model and analyzed using JMP Genomics (SAS Institute). The criterion for sig-
nificant differential response was set at a fold change >2. The Bonferroni
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4.9, respectively. For description of U(VI), RNase assay, and 2D gel analysis, see S/
Materials and Methods.

Figs. S1-54 and Tables S1-S5 will be linked to the online version of the paper.
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