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The hydrothermal vent gammaproteobacterium Thiomicrospira crunogena inhabits an unstable environment and must endure
dramatic changes in habitat chemistry. This sulfur chemolithoautotroph responds to changes in dissolved inorganic carbon
(DIC) (DIC � CO2 � HCO3

� � CO3
�2) availability with a carbon-concentrating mechanism (CCM) in which whole-cell affinity

for DIC, as well as the intracellular DIC concentration, increases substantially under DIC limitation. To determine whether this
CCM is regulated at the level of transcription, we resuspended cells that were cultivated under high-DIC conditions in chemo-
stats in growth medium with low concentrations of DIC and tracked CCM development in the presence and absence of the RNA
polymerase inhibitor rifampin. Induction of the CCM, as measured by silicone oil centrifugation, was hindered in the presence
of rifampin. Similar results were observed for carboxysome gene transcription and assembly, as assayed by quantitative reverse
transcription-PCR (qRT-PCR) and transmission electron microscopy, respectively. Genome-wide transcription patterns for cells
grown under DIC limitation and those grown under ammonia limitation were assayed via microarrays and compared. In
addition to carboxysome genes, two novel genes (Tcr_1019 and Tcr_1315) present in other organisms, including chemolithoau-
totrophs, but whose function(s) has not been elucidated in any organism were found to be upregulated under low-DIC condi-
tions. Likewise, under ammonia limitation, in addition to the expected enhancement of ammonia transporter and PII gene tran-
scription, the transcription of two novel genes (Tcr_0466 and Tcr_2018) was measurably enhanced. Upregulation of all four
genes (Tcr_1019, 4-fold; Tcr_131, �7-fold; Tcr_0466, >200-fold; Tcr_2018, 7-fold), which suggests that novel components are
part of the response to nutrient limitation by this organism, was verified via qRT-PCR.

Hydrothermal fluid emitted from cracks in the earth’s crust
provides reduced chemicals (e.g., H2S, H2, CH4, and Fe�2)

utilized by chemolithoautotrophic microbes to fuel carbon fixa-
tion (6, 12, 22). The deep-sea hydrothermal vent environment,
while being an extremely productive ecosystem (15, 20), presents
challenges to which vent organisms must adapt. In this habitat,
turbulent eddies of dilute hydrothermal fluid (30°C), which have
a low pH and carry H2S, mix with bottom seawater (2°C), which
has alkaline pH and carries O2, causing wide fluctuations in hab-
itat chemistry over time (16). Concentrations of dissolved inor-
ganic carbon (DIC) (DIC � CO2 � HCO3

� � CO3
�2; 2 mM to 7

mM) and pH values (�5 to 8) vary considerably, presenting very
divergent concentrations of CO2 (20 to 2,000 �M) and HCO3

� to
the autotrophs growing there (13, 17), which may necessitate ad-
aptations to maintain a steady supply of DIC.

One such adaptation is a carbon-concentrating mechanism
(CCM) (4). Ribulose 1,5-bisphosphate carboxylase/oxygenase
(RubisCO), the carboxylase of the Calvin-Benson-Bassham cycle,
has a low affinity for CO2 and can use both CO2 and O2 as sub-
strates. Two components of CCMs compensate for these catalytic
limitations. First, active HCO3

� transport generates a high intra-
cellular concentration of this compound (26). Next, intracellular
HCO3

� enters carboxysomes, which are protein-bound inclu-
sions where RubisCO is sequestered, with a trace of carbonic an-
hydrase activity. The carbonic anhydrase catalyzes the conversion
of HCO3

� to CO2, which is then fixed by RubisCO before it can
escape the carboxysome (7). CCMs have been well studied in cy-
anobacteria and facilitate the growth of these cells under low-CO2

conditions, and they vary among species (4). Thus far, three evo-
lutionarily distinct HCO3

� transporters have been discovered:
BCT1, an ABC transporter which is induced under carbon limita-

tion (23); a Na�-dependent transporter (29); and SulP, which is
evolutionarily related to sulfate transporters (24). Regulation of
DIC uptake occurs both at the level of transcription and posttrans-
lationally (26).

The hydrothermal vent gammaproteobacterial chemolithoau-
totroph Thiomicrospira crunogena is the first chemolithoau-
totroph in which elevated intracellular DIC concentrations, con-
sistent with the presence of a CCM, which may enable it to grow
steadily despite environmental CO2 fluctuations, have been mea-
sured (10). T. crunogena utilizes the Calvin-Benson-Bassham cy-
cle for CO2 fixation and grows rapidly even when the culture DIC
is below 20 �M. T. crunogena cells cultivated under low-DIC con-
ditions are capable of generating intracellular DIC concentrations
100-fold higher than extracellular concentrations (10) and can
utilize extracellular CO2 and HCO3

� for carbon fixation. Whole-
cell affinities for DIC respond to the DIC concentration (KDIC)
present during growth; when DIC concentrations are low, cell
affinities for this substrate are substantially higher (KDIC � 26
�M) than when cells are cultivated under elevated DIC concen-
trations (KDIC � 660 �M) (10).

Some components of a typical CCM are apparent in the ge-

Received 10 November 2011 Accepted 1 February 2012

Published ahead of print 10 February 2012

Address correspondence to Kathleen M. Scott, kmscott@usf.edu.

* Present address: Harvard Medical School and Department of Pathology, Brigham
and Women’s Hospital, Boston, Massachusetts, USA.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.06504-11

2074 jb.asm.org 0021-9193/12/$12.00 Journal of Bacteriology p. 2074–2081

http://dx.doi.org/10.1128/JB.06504-11
http://jb.asm.org


nome of T. crunogena, but key components are not. A carboxy-
some operon, which encodes the shell proteins, carbonic anhy-
drase (csoSCA), and carboxysomal form I RubisCO, is present.
Elsewhere in the genome, two other RubisCOs are encoded (one
form I and one form II), as well as an alpha carbonic anhydrase
(�-CA) and two �-CA genes (including csoSCA). However,
CsoSCA is the only carbonic anhydrase that appears to play a role
in DIC uptake and fixation (9), and no orthologs to the bicarbon-
ate transporters found in cyanobacteria are apparent in the T.
crunogena genome (28).

The objectives of this study were to determine whether CCM
induction in T. crunogena occurs at the level of transcription and
to compare the transcriptomes of T. crunogena cultivated under
low- and high-DIC conditions to identify the genes whose expres-
sion is stimulated by growth under low-DIC conditions as a step in
resolving all of the components of this proteobacterial CCM.

MATERIALS AND METHODS
Cultivation. To prepare cells for experiments to monitor changes in DIC
uptake and fixation in response to exposure to low-DIC conditions and to
determine whether these changes were dependent on transcription, we
cultivated T. crunogena XCL-2 cells (DSM 25203) (1) overnight under
ammonia-limited conditions in two chemostats (dilution rate � 0.1 h�1)
in artificial seawater (ASW) supplemented with thiosulfate (40 mM) and
a high concentration of DIC (50 mM, as quantified with a gas chromato-
graph) (9). The pH (8) and oxygen concentration (�20 to 100 �M) were
monitored with electrodes and maintained with 10 N potassium hydrox-
ide (KOH) and sparging with 5% CO2, balance O2 (9). The following day,
cells were aseptically harvested via centrifugation (10,000 � g, 10 min,
4°C) and resuspended to their original volume (2 � 1 liter; optical density
at 600 nm [OD600] of �0.1) in thiosulfate-supplemented ASW with a low
concentration (1 mM) of DIC. Rifampin was added to one culture at a
concentration that was found to be growth inhibitory in solid culture (50
mg/liter). Both cultures were then run as bioreactors (dilution rate � 0)
and periodically sparged with pure O2 as directed by the O2 electrode to
maintain the concentration of this dissolved gas. Samples from both cul-
tures (2 � 30 ml, 1 � 60 ml) were harvested via centrifugation at 30-min
intervals over a 3-h time course. At their initial optical density (0.1), cells
were in early exponential phase growth and continued to consume oxygen
readily over the entire time course of the experiment.

To identify genes with more abundant transcripts during cultivation
under DIC limitation conditions, we cultivated cells in chemostats as de-
scribed above under conditions of DIC limitation [low-DIC cells; reser-
voir nutrient concentration � 2 mM DIC, 13 mM (NH4)2SO4, 3.1 mM
PO4

�x; growth chamber DIC concentration of �0.1 mM as quantified via
gas chromatography; growth chamber was sparged with pure O2 as de-
scribed above], ammonia limitation [high-DIC cells; reservoir nutrient
concentration � 50 mM DIC, 0.8 mM (NH4)2SO4, 3.1 mM PO4

�x;
sparged with 5% CO2; balance O2; growth chamber DIC concentration of
�50 mM DIC], or phosphate limitation [low-PO4

�x; 50 mM DIC, 13
mM (NH4)2SO4, 0.025 mM PO4

�x; sparged with 5% CO2; balance O2;
growth chamber DIC concentration of �50 mM DIC]. Cells were main-
tained at a steady state until harvesting (dilution rate � 0.1 h�1). After
harvesting by centrifugation (10,000 � g, 5 min, 4°C), T. crunogena cells
were flash frozen in liquid nitrogen and stored at �80°C.

DIC uptake and fixation. To assay changes in DIC uptake and fixation
after resuspension in low-DIC growth medium, we washed the cell pellets
from the 60-ml samples taken from both cultures (rifampin and rifampin-
free) once and resuspended them in 1 ml of DIC-free ASW. DIC fixation
(conversion of 14C-DIC to acid-stable 14C) and uptake (fixation plus in-
tracellular 14C-DIC) were measured immediately after resuspension via
silicone oil centrifugation (10).

Carboxysome quantification. To track changes in carboxysome
abundance over time after resuspension in low-DIC growth medium, we

resuspended the cell pellets from one 30-ml sample of each culture in
ASW supplemented with glutaraldehyde (2.5%, vol/vol) and stored them
overnight at 4°C. The following day, cells in these samples were harvested
via centrifugation and washed three times with ASW (4°C) before treat-
ment for 1 h with 1% osmium tetroxide in ASW. Cells were harvested and
rinsed three times with distilled water, after which they were embedded in
3% agar. After trimming to 1-mm3 pieces, agar blocks were dehydrated
with an ethanol series (50%, 70%, 95%, and 100% twice) and ethanol/
propylene oxide (50:50, 0:100, twice). Spurr’s resin was infused into the
samples (propylene oxide/Spurr’s, 50:50, 25:75, 0:100, four times; first
incubation was overnight; all incubations were agitated with a rotator).
Spurr’s resin was polymerized overnight at 70°C, and 80-nm sections were
cut and stained for 10 min with 8% aqueous uranyl acetate, followed by a
5-min staining with Reynold’s lead citrate stain. Electron micrographs
were produced with an FEI Morgagni 268D transmission electron micro-
scope at 60 kV, and images were captured with an Olympus SIS MegaView
III side-mounted camera with 1.4 megapixel image capture. Approxi-
mately 50 images were collected from each time point, and carboxysomes
were tallied from at least 150 cell cross-sections per sample. Cell cross-
section areas were estimated by measuring their long (L) and short (S)
axes in Photoshop (CS3; Adobe), modeling them as rectangles with a half
circle on each end, and calculating areas as � � (S2/2) · (SL � S2).

csoSCA transcription quantification. In preparation for RNA extrac-
tion, cell pellets from one 30-ml sample from both cultures were flash
frozen with liquid nitrogen and stored at �80°C. RNA was purified and
reverse transcribed using the RiboPure (Ambion) and ImProm-II RT
(Promega) systems. Transcription of csoSCA (locus tag Tcr_0841) was
tracked via quantitative reverse transcription-PCR (qRT-PCR) using
TaqMan primers and probes (ABI) as described in reference 9.

Transcriptional profiling. Oligonucleotide arrays were fabricated
with probes designed to represent all genes within the T. crunogena ge-
nome, with two or three probes per gene and a probe length of 35 nucle-
otides (CombiMatrix, Mukilteo, WA). RNA was isolated from cells grown
in six chemostats (three low-DIC and three high-DIC; ammonia-limited)
as described in reference 9. RNA was purified further with an RNeasy
MinElute cleanup kit (Qiagen, Germantown, MD), which also served to
remove EDTA remaining from the RiboPure system, and was eluted in
RNase-free water. One microgram of total RNA was directly labeled for 1
h with a LabelIT Cy5 labeling reaction (Mirus Bio, Madison, WI). After
labeling, the RNA underwent ethanol (EtOH) precipitation (5 min at
�80°C and 30 min centrifugation). The RNA pellet was resuspended in 16
�l of water and 4 �l of fragmentation buffer (final concentration, 40 mM
Tris-acetate [pH 8.1], 100 mM potassium acetate [KOAc], 30 mM
MgOAc).

Prior to hybridization, arrays were rehydrated at 65°C with water for
10 min and then incubated at 45°C for 2 h in prehybridization solution
(final concentration, 6� SSPE [1� SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA {pH 7.7}; Lonza Accugene], 0.05% Tween
20, 20 mM EDTA, 5� Denhardt’s solution, 100 ng/�l of herring sperm,
0.05% SDS). Labeled RNA was then added to hybridization solution (final
concentration, 6� SSPE, 0.05% Tween 20, 20 mM EDTA, 25% distilled
formamide,100 ng/�l of herring sperm DNA, 0.04% SDS), and the array
was incubated overnight at 45°C. Arrays were washed and imaged per the
hybridization and imaging protocol for the CombiMatrix CustomArray
12K microarray. All arrays used were stripped and rehybridized a maxi-
mum of three times each, as subsequent stripping and hybridization re-
sulted in substantial loss of signal (data not shown). Global normalizing
was used for all six arrays (three low-DIC and three high-DIC) to com-
pensate for between-array variation in overall signal strength. For normal-
ization, the average signal strength for each array was calculated using the
fluorescence intensities for all spots on each array. Spot intensities on all
arrays were normalized so that each array would have the same average
signal. For a particular probe, fold changes in transcription were calcu-
lated by dividing the average spot intensity for microarrays hybridized
with labeled mRNA purified from low-DIC cells by the spot intensity for
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those hybridized with labeled mRNA from high-DIC cells (low-DIC/
high-DIC) or vice-versa (high-DIC/low-DIC). The Comparative Marker
Selection module of GenePattern (14, 27) was used to generate asymptotic
P values associated with gene expression levels. Asymptotic P values were
calculated from P values from a standard independent two-sample Stu-
dent t test. Rather than create an empirical distribution of the scores, we
computed the P values with the assumption that test statistic scores follow
Student’s t test distribution. Changes in transcription levels for genes were
considered noteworthy if average spot intensities for more than one probe
per gene were enhanced at least 2-fold.

Quantification of gene transcription via qRT-PCR. RNA was isolated
from low- and high-DIC cells (as well as low-PO4

�x cells) as described
above; the primers used for cDNA synthesis are listed in Table 1. Verifi-
cation of amplification efficiencies was carried out with primer/probe sets
directed against 16S (calibrator) and target genes (Tcr_1019, Tcr_1315,
Tcr_466, and Tcr_2018) as described in reference 9. Fold enhancement of
transcription in low-DIC cells relative to that in high-DIC cells was cal-
culated according to the 2���CT method, where ��CT � [(CT target �
CT calibrator) � (CT targetRef � CT calibratorRef)], CT target and CT

calibrator are the threshold cycle (CT) values for target and 16S gene
amplification in low-DIC cells, and CT targetRef � CT calibratorRef is the
corresponding value from high-DIC cells (19). Fold enhancement in
high-DIC cells was calculated by using low-DIC cells as the reference.

Taxonomic distribution and phylogenetic analysis of homologs to
novel differentially transcribed genes. Apparent orthologs (bidirectional
BLAST best hits) to Tcr_1019 and Tcr_1315 were collected from the Inte-
grated Microbial Genomes (IMG) database (21). For Tcr_1315, hits whose
pairwise alignments with Tcr_1315 covered at least 50% of both genes
were selected for further analysis. A multiple alignment was then gener-
ated via MUSCLE (11) as implemented in MEGA5 (32). Genes with less
than 50% sequence identity to Tcr_1315 aligned poorly and were elimi-
nated from the alignment. The remaining genes were realigned, and this
alignment was trimmed using relaxed criteria in gBlocks (31) as imple-
mented in the Phylogeny software (http://www.phylogeny.fr) (8). The
trimmed alignment of 72 residues was used to construct a maximum

likelihood tree in MEGA5 (18, 32) using the JTT substitution model,
uniform rates among sites, complete deletion of missing data, and the
nearest neighbor interchange heuristic method. For Tcr_1019, too few
orthologs were present in the database to undertake these analyses.

Microarray data accession number. Microarray data are available at
Gene Expression Omnibus (GEO) under accession number GSE36254.

RESULTS
DIC uptake and fixation. After resuspension and cultivation for 1
h in growth medium containing a low concentration of DIC (1
mM), T. crunogena cells expressed an ability to generate elevated
intracellular DIC concentrations in short-term (30-s) incubations
in the presence of 0.1 mM DIC (Fig. 1A). Carbon fixation lagged
behind intracellular DIC accumulation, being substantially ele-
vated after �1.5 h of cultivation (Fig. 1B). Cells incubated in the
presence of rifampin did not develop an ability to accumulate
intracellular DIC or to fix carbon under low-DIC conditions
(Fig. 1).

Carboxysome presence and csoSCA transcription quantifi-
cation. During cultivation under low-DIC conditions, carboxy-
somes became increasingly abundant in cells over the time course
sampled here (Fig. 2), paralleling carbon fixation rates (Fig. 1).
Cultures to which rifampin had been added did not have any
visible carboxysomes 3 h after resuspension in low-DIC growth
medium (Fig. 2). Carboxysome gene transcript abundance
(csoSCA) was somewhat elevated in cells resuspended in low-DIC
growth medium containing rifampin after 30 min and 1 h, which
may indicate that the action of this antibiotic on RNA polymerase
is not instantaneous. However, levels in cells that had not been
exposed to rifampin were always substantially elevated relative to
those in cells cultivated in the presence of this compound. (Fig. 3).

Transcriptional profiling. Housekeeping genes, including

TABLE 1 Primers and probes used to target T. crunogena conserved hypothetical genes

Locus tag Purpose Function Sequence (5=–3=)a Location on geneb (nt)

Tcr_1019 cDNA synthesis R primer ACGCGGTTAGATCCCATTG 206
qRT-PCR F primer AGAAAGCCGGCCGCTAAAA 130

R primer CCGGTTCTTCTTTTTCAGGTTGTTT 175
Probe FAM CCGGTTGCCAAACAG NFQ 150

Tcr_1315 cDNA synthesis R primer GGTATACGCCAGGTCATTGG 653
qRT-PCR F primer CCGTCGGGATTTTGAATGAAACC 427

R primer GGGTTACGCTCAACGCCATAA 468
Probe FAM ACGAACCACCAACTTT NFQ 452

Tcr_0466 cDNA synthesis R primer ACGGCACCATCTTTTGTTTC 541
qRT-PCR F primer GGGTTTGACCGCATGTATAACGA 343

R primer GATCGTAACGCCACCGAAAC 382
Probe FAM CTGCCGACAGATTTA NFQ 368

Tcr_2018 cDNA synthesis R primer ATATCGGCTTTTGGACAACG 1423
qRT-PCR F primer GCCGATATCGCTGGTGTAGAATTT 1075

R Primer GTTTTGCCAGGTTGAAGTCGTATT 1117
Probe FAM CCAAGCGCCATATTC NFQ 1099

16S (Tcr_R0053) cDNA synthesis R primer TTTATGAGATTCGCGCACTG 1206
qRT-PCR F primer CGAATATGCTCTACGGAGTAAAGGT 110

R primer CGCGGGCTCATCCTTTAG 157
Probe VIC CCCTCTCCTTGGAAGGT NFQ 136

a FAM and VIC refer to the fluorescence tags, while NFQ refers to the major groove binder and nonfluorescent quencher (ABI, Carlsbad, CA).
b Number of nucleotides at the 3= end of the start codon of the gene.

Dobrinski et al.

2076 jb.asm.org Journal of Bacteriology

http://www.ncbi.nlm.nih.gov/nuccore?term=GSE36254
http://jb.asm.org


those encoding RNA and DNA polymerase, ribosomal proteins,
ATP synthase, and components of the electron transport chain
(NADH dehydrogenase, bc1 complex, and the cbb3 complex), had
similar transcript levels in low- and high-DIC cells (Fig. 4).

When cells were cultivated under low-DIC conditions, tran-
scripts from the gene cluster encoding the carboxysomal shell pro-
teins and enzymes (RubisCO and carbonic anhydrase; Tcr_0838
to Tcr_0848) were more abundant (Fig. 5). Transcripts from two
other genes (Tcr_1019 and Tcr_1315, also verified by qRT-PCR)
(Table 2) were more abundant under low-DIC conditions and
may be novel components of the CCM of T. crunogena. Confirm-
ing previous results, transcripts from the �-CA gene (Tcr_1545)
and the noncarboxysomal �-CA gene (Tcr_0421) were similar in
abundance under both low- and high-DIC conditions (9).

FIG 1 Dissolved inorganic carbon uptake (A) and fixation (B) by T. crunogena
cells after resuspension and cultivation in growth medium containing 1 mM
DIC. Cells were initially cultivated in the presence of 50 mM DIC, harvested,
washed, and resuspended in growth medium containing 1 mM DIC and either
dimethyl sulfoxide (DMSO; 0.1% [vol/vol]) or rifampin dissolved in DMSO.
Cells were harvested at the indicated times and incubated in the presence of 0.1
mM DIC for the short-term (30-s) incubations whose results are depicted
here. Error bars indicate the standard errors of the measurements.

FIG 2 Accumulation of carboxysomes in cells over time, after transfer to growth medium with 1 mM DIC. Cells were initially cultivated in the presence of 50 mM
DIC, harvested, washed, and resuspended in medium with 1 mM DIC. Depicted in transmission electron micrographs are cells cultivated in 50 mM DIC (A) and
cells 3 h after resuspension in the absence (B) or presence (C) of 25 mg/liter of rifampin. For one cell, carboxysomes are indicated with arrows. (D) Frequencies
of carboxysomes per cell area in electron micrographs. Cultures to which rifampin have been added are indicated as “Rif.”

FIG 3 Transcription of the carboxysomal carbonic anhydrase gene (csoSCA)
over time, after resuspension in growth medium with 1 mM DIC. Cells were
initially cultivated in the presence of 50 mM DIC and then were harvested and
washed before resuspension. Fold changes in csoSCA transcription relative to
time zero were measured via qRT-PCR targeting csoSCA transcripts and are
presented with error bars indicating the 95% confidence interval of the mea-
surement. The y axis is logarithmic.
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Under low-NH4
� (high-DIC) growth conditions, genes asso-

ciated with a nitrogen starvation response had increased transcript
levels (Fig. 5). This included two Amt family ammonium trans-
porters and the regulatory protein PII, which stimulates transcrip-
tion of the gene encoding glutamine synthetase as well as post-
translational modification of this enzyme via adenylation/
deadenylation (3). Genes encoding two conserved hypothetical
proteins, Tcr_0466, and Tcr_2018, were found to have increased
transcription under low-NH4

� conditions (Fig. 5, confirmed by
qRT-PCR; Table 2). Transcription levels of these genes were not
enhanced under high-DIC, low-phosphate conditions, consistent
with a response to ammonia limitation, not to high-DIC condi-
tions.

Taxonomic distribution and phylogenetic analysis of ho-
mologs to Tcr_1019 and Tcr_1315. For Tcr_1019, only two genes
were returned from BLAST queries of the IMG database (Table 3).
The organisms from which these two genes derive are both capa-
ble of growing chemolithoautotrophically and phylogenetically
disparate: Thioalkalivibrio sp. K90, a member of the Gammapro-
teobacteria, and Nitrobacter winogradskyi, an alphaproteobacte-
rium. Many apparent orthologs of Tcr_1315 are present in the
IMG database and have substantial sequence similarity (Fig. 6).

Tcr_1315 falls within a well-supported clade with homologs from
other marine proteobacteria.

DISCUSSION

Given the novel nature of a CCM in a member of the Proteobacte-
ria (10), we were interested in determining the levels at which its
components are induced in T. crunogena in response to low-DIC
conditions. Unlike cyanobacterial DIC uptake, which is regulated
both at the level of transcription and at posttranslational modifi-
cation (26), it appears that DIC uptake by T. crunogena is regu-
lated at the level of transcription, as the RNA polymerase inhibitor
rifampin prevented development of the ability to generate ele-
vated intracellular concentrations of DIC upon exposure to low-
DIC conditions (Fig. 1). Like that of the betaproteobacterium
Halothiobacillus neapolitanus (5), carboxysome synthesis is regu-
lated at the level of transcription (Fig. 2 and 3). Interestingly, it
appears that the lag in DIC uptake ability (�1 h) (Fig. 1A) is
shorter than the lag in carbon fixation/carboxysome development
(�1.5 to 2 h) (Fig. 1B and 2). Given that carboxysome genes and
transporter genes are not cotranscribed (DIC transporter genes
are not apparent in the carboxysome gene cluster), differences in
timing for the development of these two components of the CCM

FIG 4 Housekeeping genes that do not have a measureable change in transcription under low- versus high-DIC conditions, as determined with microarrays.
Shown here listed by subunits are genes involved in DNA, RNA, and protein synthesis, as well as ATP synthesis and electron transport (NADH dehydrogenase,
bc1 complex, cbb complex). Two or three probes were designed to target each gene, and results from all are averaged per gene. Error bars represent standard
deviations as propagated from normalized spot intensities from three low-DIC and three high-DIC chemostats.
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might be expected. Furthermore, given the size and structural
complexity of carboxysomes, it seems feasible that their synthesis
and assembly would take more time than insertion of structurally
simpler transporter proteins into the cell membrane. However,
the observation that csoSCA transcript abundance is high after 30
min suggests that CsoSCA protein should be more abundant as
well. If CsoSCA is active before carboxysome assembly, it should
be reflected in lower intracellular DIC concentrations, as free cy-
toplasmic carbonic anhydrase should convert DIC to CO2, which
would diffuse from the cell (25). The high intracellular DIC con-
centration at 30 min despite elevated levels of csosCA transcripts is
puzzling. Perhaps translation of csoSCA transcripts is delayed or
CsoSCA protein is somehow less active until packaged into a car-
boxysome.

As this is the first genome-wide assay of transcriptional re-
sponse to DIC and ammonia abundance in an obligate chemo-
lithoautotroph, we anticipated that novel genes/patterns of tran-
scription would be apparent. Indeed, transcripts from two
conserved hypothetical genes (Tcr_1019 and Tcr_1315) were
more abundant under low-DIC conditions (Fig. 5A; Table 2). The
proteins encoded by both genes are predicted to have an amino-
terminal signal peptide without downstream transmembrane al-
pha helices. The protein encoded by Tcr_1019 is likely to be local-
ized in the periplasm, while the protein encoded by Tcr_1315 falls
within protein family IPR011250 (InterPro), whose members typ-
ically have a beta-barrel structure, which indicates that it may be
present in the outer membrane.

Intriguingly, orthologs to both genes are present in other
chemolithoautotrophs (Table 3; Fig. 6). While Tcr_1019 ho-
mologs are restricted to two other bacteria, Tcr_1315 homologs
are present in many marine bacteria, many of which are also au-
totrophs. The function of this group of homologous genes in any
organism has not been elucidated, and it will be of great interest to
determine whether it has a uniform function (e.g., DIC acquisi-
tion or more generally facilitating growth at seawater pH and sa-
linity) in all of these organisms. Gene disruption experiments to
determine if either protein plays a role in the T. crunogena CCM
are under way.

Novel genes (Tcr_0466 and Tcr_2018) were discovered in the
ammonia-limited (high-DIC) cells as well (Fig. 5B; Table 2). The
function of these conserved hypothetical proteins could not be
discerned based on their amino acid sequences. However, both
these postulated genes have predicted amino-terminal signal pep-
tides. Both also lack downstream transmembrane helices, suggest-
ing a periplasmic location. Genes homologous to Tcr_0466 and
Tcr_1315 are widespread among the Proteobacteria; this is the first
report of differential transcription of these genes and it will be of

FIG 5 Enhanced transcription of genes under low-DIC (A) or high-DIC (B)
conditions, as determined with microarrays. Genes are presented with locus
tags from the genome annotation. (A) cbbL and cbbS encode a carboxysomal
form IA RubisCO, while csoS1 to csc4 encode carboxysome shell proteins.
“hyp” indicates that the gene encodes a hypothetical protein. (B) cbbM en-
codes a form II RubisCO, while cbbL and cbbS encode the subunits of a form IA
RubisCO with �80% amino acid sequence identity with the carboxysomal
RubisCO. Amount (amt) genes encode Amt family proteins and are likely to be
ammonium transporters, while “P-II nitr reg” encodes the PII protein, which is
involved in regulating the Ntr regulon for nitrogen assimilation. Two or three
probes were designed to target each gene and are illustrated with individual
bars on the graphs. Only those genes for which more than one probe showed
more than 2-fold enhancement of transcription are presented here. Error bars
represent standard deviations as propagated from normalized spot intensities
from three low-DIC and three high-DIC chemostats.

TABLE 2 Response of T. crunogena hypothetical gene transcription to changes in growth conditions

Locus tag

Response to low DIC Response to low NH4
� Response to low PO4

�x

Fold increasea,b ��CT � SD Fold increasea,c ��CT � SD Fold increasea,d ��CT � SD

Tcr_1019 4.4 �2.1 � 0.2
Tcr_1315 6.7 �2.8 � 0.3
Tcr_0466 202 �7.6 � 1.0 0.77 0.3 � 2.3
Tcr_2018 7.0 �2.8 � 1.2 0.69 0.6 � 1.4
a qRT-PCR was carried out on RNA extracted from T. crunogena cells using 16S transcripts as the calibrator.
b Fold increase is the frequency of transcription in low-DIC (high-NH4

�, high-PO4
�x) cells divided by the frequency in high-DIC (low-NH4

�, high-PO4
�x) cells.

c Fold increase is the frequency of transcription in low-NH4
� (high-DIC, high-PO4) cells divided by the frequency in high-NH4

� (low-DIC, high-PO4
�x) cells.

d Fold increase is the frequency of transcription in low-PO4
�x (high-DIC, high-NH4

�) cells divided by the frequency in high-PO4
�x (high-DIC, high-NH4

�) cells.
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interest to see whether these proteins all play a role in nitrogen
metabolism among their different host organisms.

These observations of novel gene transcription under DIC-
and ammonia-limited conditions are strengthened both by con-
sistency in the transcription of housekeeping genes (Fig. 4) and by
transcription patterns consistent with previous work. For exam-
ple, transcript levels from RubisCO genes varied with the DIC
concentration available during growth; the carboxysomal form I
had higher transcript levels under low-DIC conditions, while the
other two (noncarboxysomal form I RubisCO and form II
RubisCO) had increased transcript levels under high-DIC condi-
tions (Fig. 5), which is consistent with what has been observed in
the close relative Hydrogenovibrio marinus, a gammaproteobacte-
rial hydrogen-oxidizing autotroph with similar RubisCO operon
structure (33). Further, elevated transcript levels of Amt family
ammonia transporters were observed in response to ammonium
limitation, also consistent with observations of these proteins in
other organisms (30).

It is surprising that relatively few genes appeared to have sig-
nificant changes in transcript abundance under these growth con-

ditions. This is likely the result of both the consistency of the
growth conditions in chemostats, where only a single nutrient
concentration differs between treatments and growth rates can be
regulated very precisely, and the conservative nature of the criteria
used for deciding which genes were represented with higher tran-
script levels. Still, it might be anticipated that more genes would
have been highlighted; for example, it seems reasonable to expect
that molecular chaperones might be more abundant when cells
are grown under low-DIC conditions, due to greatly enhanced
carboxysome assembly. The observation that these genes do not
appear to respond this way suggests either that carboxysome as-
sembly does not require these proteins or that the basal level pres-
ent in the cell suffices.

A full understanding of how the CCM works in chemolithoau-
totrophs will be instrumental in gaining insight into how these
organisms succeed in environments like the hydrothermal vents.
Furthermore, identifying proteobacterial CCM components in T.
crunogena will make it possible to identify them in other microor-
ganisms. Until then, understanding of DIC uptake and fixation in

TABLE 3 Orthologs of Tcr_1019

Organism Locus taga

Length of amino
acid sequenceb

Portion aligning
to Tcr_1019c

% similarity of portion
aligning E value

T. crunogena Tcr_1019 75 1–75 100 N/A
N. winogradskyi Nwi_1977 75 7–75 55 3e�08
Thioalkalivibrio sp. strain K90 TK90_0870 140 48–140 47 7e�07
a Sequences were collected from the Integrated Microbial Genomes system (http://img.jgi.doe.gov/cgi-bin/w/main.cgi [21]).
b Predicted from the nucleic acid sequence.
c Based on results from the “Align two sequences” feature at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) website, which uses BLASTp (2).

FIG 6 Phylogenetic analysis of amino acid sequences predicted from genes orthologous to Tcr_1315. The maximum likelihood method was implemented in
MEGA5 to create an unrooted tree (32). Bootstrap values of �70% are displayed above the branches. Taxa are labeled with dots as follows: blue, marine; red,
autotroph; purple, marine autotroph; black, methylotroph or methanotroph.
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the many noncyanobacterial autotrophs that fix carbon dioxide in
their challenging habitats is quite limited.
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