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ABSTRACT Many autotrophic microorganisms are likely to adapt to scarcity in dis-
solved inorganic carbon (DIC; CO, + HCO5;~ + CO527) with CO, concentrating
mechanisms (CCM) that actively transport DIC across the cell membrane to facilitate
carbon fixation. Surprisingly, DIC transport has been well studied among cyanobac-
teria and microalgae only. The deep-sea vent gammaproteobacterial chemolithoau-
totroph Thiomicrospira crunogena has a low-DIC inducible CCM, though the mecha-
nism for uptake is unclear, as homologs to cyanobacterial transporters are absent.
To identify the components of this CCM, proteomes of T. crunogena cultivated under
low- and high-DIC conditions were compared. Fourteen proteins, including those
comprising carboxysomes, were at least 4-fold more abundant under low-DIC condi-
tions. One of these proteins was encoded by Tcr_0854; strains carrying mutated cop-
ies of this gene, as well as the adjacent Tcr_0853, required elevated DIC for growth.
Strains carrying mutated copies of Tcr_0853 and Tcr_0854 overexpressed carboxy-
somes and had diminished ability to accumulate intracellular DIC. Based on reverse
transcription (RT)-PCR, Tcr_0853 and Tcr_0854 were cotranscribed and upregulated
under low-DIC conditions. The Tcr_0853-encoded protein was predicted to have 13
transmembrane helices. Given the mutant phenotypes described above, Tcr_0853
and Tcr_0854 may encode a two-subunit DIC transporter that belongs to a previ-
ously undescribed transporter family, though it is widespread among autotrophs
from multiple phyla.

IMPORTANCE DIC uptake and fixation by autotrophs are the primary input of inor-
ganic carbon into the biosphere. The mechanism for dissolved inorganic carbon up-
take has been characterized only for cyanobacteria despite the importance of DIC
uptake by autotrophic microorganisms from many phyla among the Bacteria and Ar-
chaea. In this work, proteins necessary for dissolved inorganic carbon utilization in
the deep-sea vent chemolithoautotroph T. crunogena were identified, and two of
these may be able to form a novel transporter. Homologs of these proteins are pres-
ent in 14 phyla in Bacteria and also in one phylum of Archaea, the Euryarchaeota.
Many organisms carrying these homologs are autotrophs, suggesting a role in facili-
tating dissolved inorganic carbon uptake and fixation well beyond the genus Thiomi-
crospira.

KEYWORDS autotroph, bicarbonate transporter, carbon concentrating mechanism,
carbon fixation, chemolithoautotroph, hydrothermal vent
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utotrophic organisms of extraordinary physiological and phylogenetic diversity are

responsible for the synthesis of the organic carbon necessary to sustain food webs.
Befitting the broad phylogenetic distribution of autotrophic organisms within all three
domains of life, multiple pathways are responsible for fixing and assimilating cytoplas-
mic dissolved inorganic carbon (DIC; consisting of CO, + HCO;~ + CO527) (1). The
mechanisms for the delivery of DIC from an aqueous environment, across the cell
envelope, and to the cytoplasm are also likely to be extremely diverse but to date have
been well characterized only among the cyanobacteria (2), some microalgae, and
aquatic plants (3). Given that active DIC uptake facilitates rapid growth by autotrophs
when DIC concentrations are low (4), uptake rates could have an impact on food web
productivity.

Members of the genus Thiomicrospira contribute to food webs at hydrothermal
vents, mud flats, and other sulfide-rich habitats worldwide (5, 6). These chemolithoau-
totrophic gammaproteobacteria are primarily mesophilic and can use reduced sulfur
compounds (e.g., hydrogen sulfide and thiosulfate) and sometimes hydrogen gas as
electron donors (7); oxygen is their terminal electron acceptor (8, 9). They fix CO, via the
Calvin-Benson-Bassham cycle (10).

Habitat heterogeneity at deep-sea hydrothermal vents complicates rapid chemo-
lithoautotrophic growth. Warm (up to 50°C) hydrothermal fluid emitted from fissures in
the basalt provides sulfide and other electron donors, while cold bottom water pro-
vides oxygen (11, 12). Dilute hydrothermal fluid also carries high concentrations of DIC
(up to 6 mM), with an acidic pH as low as 5 that elevates CO, to greater than 1 mM (12).
Due to the differences in temperature, the two sources of water mix turbulently as they
meet, and microorganisms attached to surfaces at the vents alternate between two
conditions, warm (abundant reductant and CO,) and cold (abundant oxidant and low
CO,) (13).

Despite the temporally disjointed supply of nutrients in its hydrothermal vent
habitat, Thiomicrospira crunogena, a common isolate, is one of the fastest-growing
autotrophic microorganisms (14). It is capable of sustaining this rapid growth in the
presence of very low concentrations of DIC by inducing higher whole-cell affinity for
DIC and raising its intracellular DIC pool up to 100-fold higher than the extracellular
pool (15). These responses to low-DIC conditions indicate that T. crunogena has a CO,
concentrating mechanism (CCM).

In cyanobacteria, CCMs have been well described; DIC uptake by three evolutionarily
distinct HCO5 ™ transporters creates an elevated concentration of cytoplasmic HCO;~
(2). Cytoplasmic HCO;~ enters the carboxysomes, where carbonic anhydrase converts
some to CO,, which is then fixed by carboxysomal ribulose 1,5-bisphosphate carbox-
ylase/oxygenase (RubisCO) (16). CO, escaping the carboxysomes may be trapped by
reconversion to HCO;~ by membrane-associated complexes (2). CCMs in other au-
totrophs are incompletely described. Carboxysomes have been well studied, particu-
larly in the gammaproteobacterium Halothiobacillus neapolitanus, and these, as well as
carboxysomes from other autotrophic microorganisms, function similarly to those
present in cyanobacteria. H. neapolitanus carboxysomes contain RubisCO and carbonic
anhydrase (17), and mutants carrying disrupted carboxysomal genes lose the ability to
grow under low-DIC conditions (18, 19). The HCO;~ transporters necessary to generate
elevated intracellular HCO;~ concentrations to facilitate carboxysome function have
not yet been identified in any chemolithoautotrophic microorganisms.

In T. crunogena, the genes encoding the carboxysomal components of the CCM
(shell proteins, carboxysomal RubisCO, and carbonic anhydrase) are carried in its
genome (10), and these genes are upregulated under low-DIC conditions (20). In
contrast, the DIC uptake mechanism is not apparent from the genome sequence.
Orthologs to cyanobacterial genes encoding HCO5 ™~ transporters are absent (10, 21),
and upregulation of genes likely to encode membrane transporters was not apparent
when assayed by oligonucleotide microarrays (20). The T. crunogena genome encodes
a periplasmic carbonic anhydrase, which does not appear to play a role in DIC uptake
under low-DIC conditions. This carbonic anhydrase is not upregulated by low-DIC
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TABLE 1 Proteins more abundant when cells were cultivated under DIC limitation

Journal of Bacteriology

Fraction? Log, ratio® No. of peptides P value q value Locus tag, protein description

M1 4.6 41 5.53E—-11 1.46E—09 Tcr_0682, hypothetical protein (prophage)
M2 2.6 30 4.58E—10 6.45E—09

S1 7.0 185 3.38E—24 1.14E—22 Tcr_0838, carboxysomal form | RubisCO CbbL
S2 49 134 2.56E—13 823E—12

S1 6.4 9 4.64E—04 1.34E—-03 Tcr_0839, carboxysomal form | RubisCO CbbS
S2 7.0 6 445E—03 1.29E—02

M1 4.4 53 1.62E—13 8.07E—12 Tcr_0840, carboxysome shell protein CsoS2
M2 6.2 72 5.69E—19 3.34E—-17

M1 45 15 2.38E—05 2.31E—-04 Tcr_0841, carboxysome shell protein CsoSCA
M2 4.1 19 1.82E—07 1.73E—06

S1 5.5 1 3.29E-03 6.13E—03 Tcr_0842, carboxysome shell protein CsoS4A
S2 6.2 7 1.77E—04 1.14E—03

M1 3.6 12 4.16E—05 3.59E—-04 Tcr_0847, bacterioferritin family protein

M2 54 16 5.20E—06 3.98E—05

S1 43 17 6.21E—06 3.23E-05 Tcr_0850, Ham1-like protein

S2 6.5 8 1.44E—05 1.33E—04

S1 2.8 1 8.77E—03 1.30E—02 Tcr_0852, LysR family transcriptional regulator
S2 2.9 14 6.01E—04 2.92E-03

M1 23 31 3.78E—05 3.34E-04

M2 2.7 30 5.08E—15 1.49E—-13

M1 54 22 8.23E—09 1.56E—07 Tcr_0854, conserved hypothetical protein, DUF2309
M2 55 37 5.84E—13 1.14E—11

M1 3.8 31 3.57E—13 1.58E—11 Ter_1315, porin

M2 4.4 46 1.31E—20 9.20E—19

M1 3.0 51 1.18E—21 2.35E—-19 Tcr_2157, sulfur relay, DsrE/F-like protein

M2 24 66 731E-17 2.86E—15

S1 2.7 42 8.91E—-17 1.88E—15

S2 2.0 33 5.23E-06 5.33E—-05

M1 4.0 34 1.11E-11 443E—10 Tcr_2158, sulfur relay, DsrE/F-like protein

M2 3.1 35 1.57E—08 1.79E—07

S1 3.7 56 7.81E—18 1.89E—16

S2 33 42 6.43E—10 1.49E—08

M1 3.0 264 1.79E—51 7.10E—49 Ter_2159, porin

M2 24 345 8.99E—96 3.16E—93

S1 2.6 81 2.89E—24 1.09E—22

S2 2.0 61 5.36E—29 1.12E—26

9M1 and M2 are combined membrane-associated fractions from low- and high-DIC cultures (i.e, M1 consisted of a membrane-associated fraction from cells cultivated
in one low-DIC chemostat and a membrane-associated fraction from cells cultivated in a high-DIC chemostat; M2 is a biological replicate of M1); S1 and S2 are

corresponding soluble fractions.

bLog, ratio was calculated as the log, of the ratio of abundances of quantified peptides for cells cultivated under low-DIC conditions/high-DIC conditions.

conditions, and inhibiting it with acetazolamide does not hinder cells’ ability to create
high intracellular DIC concentrations (22). Intracellular DIC accumulation by T. cruno-
gena cells is sensitive to CCCP (carbonyl cyanide-m-chlorophenylhydrazone) and DCCD
(N,N-dicyclohexylcarbodiimide) and therefore likely driven by either proton potential,
ATP, or both (21).

In an effort to characterize DIC uptake mechanisms and other CCM components
beyond the cyanobacteria, the proteomes of T. crunogena cultivated under low- and
high-DIC conditions were compared. To identify genes necessary for growth under
low-DIC conditions, cells were subjected to random and site-directed mutagenesis, and
the responses in transcript abundance to DIC concentrations during growth were
reexamined. Mutants that were unable to grow under low-DIC conditions were phe-
notypically characterized with respect to carboxysome presence and DIC uptake.

RESULTS

DIC-responsive proteins identified by proteomics. Fourteen proteins were more
abundant in wild-type T. crunogena grown under DIC-limited conditions, with log,
abundance ratios of >2 in both replicates of the proteome and g values of <0.05 (Table 1;
see also Table S2 in the supplemental material). These include carboxysome shell
proteins as well as carboxysomal enzymes RubisCO and carbonic anhydrase (encoded
by Tcr_0838 to Tcr_0842), as anticipated given the role of carboxysomes in CCMs (as
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TABLE 2 Proteins more abundant when cells were cultivated under NH; limitation

Fraction? Log, ratio® No. of peptides P value q value Locus tag, protein description

S1 33 21 8.49E—04 2.13E-03 Tcr_0040, cyanate lyase

S2 3.6 18 3.63E—-08 6.90E—07

S1 3.2 10 2.13E—04 6.61E—04 Tcr_0220, aminotransferase

S2 2.1 9 9.20E—04 4.09E—-03

M1 3.5 5 2.47E—-02 4.65E—02 Tcr_0344, glutamate 5-kinase

M2 4.6 6 4.99E—-04 2.19E-03

S1 3.6 22 2.02E—07 1.62E—06 Tcr_0423, RubisCO activation protein CbbQ

S2 3.9 20 1.32E—07 2.30E—-06

M1 33 28 2.34E-10 5.81E—-09 Tcr_0424, form Il RubisCO CbbM

M2 4.4 49 1.58E—13 3.27E—12

S1 34 168 2.02E—38 2.28E—36

S2 4.8 149 6.46E—36 2.70E—33

M1 4.4 33 5.88E—04 3.29E-03 Tcr_0427, form | RubisCO CbbL

M2 4.5 35 4.87E—09 591E—08

S1 43 174 2.32E—-41 3.93E—39

S2 4.6 108 1.23E—20 1.03E—18

M1 4.2 35 5.30E—16 421E—-14 Tcr_0428, form | RubisCO CbbS

M2 5.0 41 6.62E—21 5.82E—19

S1 4.4 97 9.82E—36 6.65E—34

S2 4.7 80 1.51E—22 1.58E—20

M1 2.1 75 5.17E—14 2.93E-12 Tcr_0429, RubisCO activation protein CbbQ

M2 2.1 85 9.97E—16 351E—-14

S1 2.6 7 5.84E—03 9.36E—03 Tcr_0772, HAD superfamily hydrolase

S2 25 5 3.89E-03 1.15E—02

M1 4.2 5 2.45E—02 4.65E—02 Tcr_1339, nitrogen regulatory protein P-Il (GInB, GInK)
M2 34 3 2.04E—-03 7.05E—03

S1 6.4 9 2.13E—-02 2.38E—02

S2 5.7 5 4.89E—03 1.38E—02

M1 7.0 40 1.43E—09 3.16E—08 Tcr_1499, nitrogen regulatory protein P-Il (GInB, GInK)
M2 59 55 7.84E—26 9.19E—24

S1 7.0 53 3.30E—12 4.85E—11

S2 55 40 2.82E—11 7.86E—10

S1 3.9 5 1.08E—03 2.46E—03 Tcr_1790, urea carboxylase-associated protein 2
S2 34 6 1.27E—05 1.20E—04

S1 3.1 23 3.77E-07 2.97E—-06 Tcr_1792, urea carboxylase/allophanate hydrolase
S2 3.2 21 3.85E—05 3.16E—04

M1 2.6 46 2.53E—-09 5.29E—-08 Tcr_2004, methyl-accepting chemotaxis protein, Pas/Pac sensor
M2 33 41 1.34E—06 1.15E—05

S1 2.7 66 6.05E—19 1.58E—17

S2 3.6 31 3.07E—-05 2.67E—04

aM1 and M2 are combined membrane-associated fractions from low- and high-DIC cultures (i.e, M1 consisted of a membrane-associated fraction from cells cultivated
in one low-DIC chemostat and a membrane-associated fraction from cells cultivated in a high-DIC chemostat; M2 is a biological replicate of M1); S1 and S2 are
corresponding soluble fractions.

bLog, ratio was calculated as the log, of the ratio of abundances of quantified peptides for cells cultivated under high-DIC (i.e,, low-NH3) conditions/low-DIC (i.e.,, high-NH5)
conditions.

described above). Other proteins upregulated under DIC limitation are encoded nearby,
some of which have been implicated in carboxysome function in other organisms
(proteins corresponding to Tcr_0847, Tcr_0850, Tcr_0852, and Tcr_0854). Upregulated
proteins encoded elsewhere on the chromosome included a prophage protein (en-
coded by Tcr_0682), two porins (encoded by Tcr_1315 and Tcr_2159), and two others
(encoded by Tcr_2157 and Tcr_2158) that are homologous to proteins involved in sulfur
metabolism (23).

Fourteen proteins were also upregulated in cells cultivated under high-DIC, NH,-
limited conditions (Table 2). Many of these proteins reflected NH; scarcity in the growth
medium: cyanate lyase (encoded by Tcr_0040), urea uptake and metabolism proteins
(encoded by Tcr_1790 and Tcr_1792), and P-Il proteins (encoded by Tcr_1339 and
Tcr_1499). Noncarboxysomal RubisCO enzymes were also upregulated (form | RubisCO
and activation protein CbbQ, encoded by Tcr_0427 to Tcr_0429, and form Il RubisCO,
encoded by Tcr_0424).

The protein encoded by Tcr 0853, which was not detected by the quantitative
proteomics approach, was detected by mass-spectrometric analysis of SDS-PAGE-
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separated membrane extracts from cells cultivated under DIC-limited conditions. This
protein was identified by 3 unique peptides (false discovery rate, <1%) (see Fig. S1 in
the supplemental material).

Mutants unable to grow under low-DIC conditions. Random mutagenesis re-
sulted in over 6,900 strains that were screened for diminished ability to grow under
low-DIC conditions. Ten strains from the library of randomly generated mutants were
unable to grow under low-DIC conditions; for 9 of these, Tn5-RL27 had inserted into the
carboxysome operon. The 10th strain had an insertion in Tcr_0854, at nucleotide 2006
(Tcr_0854-2006) (see Table S3 in the supplemental material).

Site-directed mutant strains were successfully constructed; two were used as con-
trols for phenotype experiments (Tcr_0668-1614-WF and cs053-399-2XO mutants [Table
S3]). Site-directed mutant Tcr_0854-737-MF strain was constructed to compare to
the Tcr_0854-2006 strain. The Tcr_0853-710-WF strain was also constructed because
Tcr_0853 encodes a protein with 13 predicted transmembrane helices (TMHMM) and a
signal peptide (SignalP) and is in an apparent operon with Tcr_0854 immediately
downstream from the carboxysome operon. Merodiploid site-directed mutant strains of
T. crunogena were also successfully constructed for the other noncarboxysomal genes
whose protein products are more abundant under low-DIC conditions.

Mutant growth, carboxysome, and DIC uptake phenotypes. For the site-directed
mutants, mutations in ¢soS3, Tcr_0853, and Tcr_0854 resulted in strains that could not
grow under low-DIC conditions (Table S3). In order to elucidate whether this phenotype
was due to defective carboxysomes, strains were examined via transmission electron
microscopy. When cultivated under high-DIC conditions, carboxysomes were absent in
all strains (data not shown). When cultivated under low-DIC conditions, all strains had
frequencies of carboxysomes that were statistically significantly different from those of
the Tcr_0668-1614-WF strain (chi-square test; P < 0.05). Carboxysomes were essentially
absent from mutants with lesions within the carboxysome operon (cs053-399-2X0) (Fig.
1). For strains with mutations in Tcr_0853 and Tcr_0854, carboxysome morphology was
identical to that of wild-type and Tcr_0668-1614-WF strains. Carboxysomes in these cells
were particularly abundant, with the numbers of cells whose carboxysome counts fell
in the highest category (>20) exceeding what was observed for the Tcr_0668-1614-WF
strain (Fig. 1).

The rates and magnitudes of DIC accumulation and fixation differed markedly
among mutant strains. The Tcr_0668-1614-WF strain was capable of accumulating
intracellular DIC and fixing carbon similarly to wild-type T. crunogena (15), confirming
that Tcr_0668 does not play a role in the T. crunogena CCM and that plasmid and
transposon insertion into the chromosome do not interfere with DIC uptake and
fixation. Rates of accumulation in the Tcr_0854-2006 mutant were much lower (Fig. 2).
An estimate for the rate of DIC uptake for both strains was calculated by adding the
concentration of intracellular DIC to the concentration of fixed carbon at each time
point and calculating a rate over the 30-s time course of the assay (106 = 22 mM/min
for the Tcr_0668-1614-WF mutant; 3.2 *= 0.6 for the Tcr_0854-2006 mutant). These
estimates are conservative, since they do not include DIC loss from the cell either from
diffusion (DIC) or excretion (fixed carbon).

All mutants with interruptions in Tcr_0853 and Tcr_0854 had diminished abilities to
accumulate and fix intracellular DIC under low-DIC conditions (Fig. 3) (P < 0.05). The
€5053-399-2X0O mutant was capable of generating intracellular DIC to concentrations
similar to those seen in the Tcr_0668-1614-WF mutant but had a substantially lower
level of carbon fixation (Fig. 3) (Tukey's test; P < 0.05), which is consistent with diminished
carboxysomal carbonic anhydrase activity (19). RubisCO activities were high in all
strains when cultivated under low- and high-DIC conditions (see Fig. S2 in the supple-
mental material).

Transcription of Tcr_0853 and Tcr_0854 in wild-type and mutant strains. In
wild-type cells, transcript abundances for Tcr_0853, Tcr_0854, and csoS3 were markedly
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FIG 1 Carboxysome abundance in mutant strains of T. crunogena cultivated under low-DIC conditions.
Carboxysomes are apparent as round, regularly sized electron-dense inclusions within cells. Histograms
depict percentages of cells with a given number of carboxysomes per square micrometer of cytoplasm
transected in the electron micrographs; n, number of cells examined.

higher under DIC-limited conditions in chemostats (Table 3). This was also the case
when wild-type cells were exposed to low-DIC conditions for 2 h (Table 4).

Likewise, strains carrying mutated copies of Tcr 0853, Tcr_0854, and to a lesser
extent ¢s0S3 had elevated levels of transcripts of csoS3 when shifted to low-DIC
conditions for 2 h (Table 4). Based on Grubb's test (described in Materials and Methods),
mutant Tcr_0853-710-WF and Tcr_0854-737-MF strains had smaller increases in tran-
script abundance from Tcr 0854 than the others (Table 4), consistent with a polar
mutation in Tcr_0853-710-WF and insertion of pLD55 upstream (at nucleotide 710) of
the reverse transcription-quantitative (qRT)-PCR amplicon position (nucleotides 1200 to
1339) in Tcr_0854-737-MF strain. The AAC; value (where C; is threshold cycle) for
Tcr_0854 in Tcr_0854-2006 strain was not affected, probably because insertion of
Tn5-RL27 (at nucleotide 2006) was downstream of the amplicon position. Interestingly,
in the Tcr_0853-710-WF mutant strain, the abundance of Tcr_0853 transcripts was lower
than the others, though not to statistical significance (Table 4). In this strain, the region
of Tcr_0853 targeted by qRT-PCR was downstream from the transposon insertion site in
Tcr_0853-710-WF strain, and in this merodiploid strain, the native promoter was adja-
cent to the wild-type copy of Tcr_0853, which likely facilitated continued transcription
of this gene.

The similarity in fold increases in transcript abundance from Tcr_0843 and Tcr_0854
in wild-type cells (Tables 3 and 4), as well as their juxtaposition (Tcr_0854 has a start
codon that overlaps the stop codon of Tcr_0853), is consistent with cotranscription, as
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FIG 2 Time course of intracellular DIC accumulation (dark bars) and fixation (white bars) by mutant
strains of T. crunogena. y axis, intracellular concentration of DIC or acid-stable (fixed) carbon. (A)
Tcr_0668-1614-WF mutant strain; (B) Tcr_0854-2006 mutant strain. Mutant strains are described in Table
S3 in the supplemental material. Error bars represent the standard errors.

are RT-PCR products targeting a potential polycistronic mRNA transcribed from these
genes. For cells grown under low-DIC conditions, RT-PCR products were visible for
transcripts from Tcr_0852, Tcr_0853, and Tcr_0854 but not from Tcr_0855 (Fig. 4). When
using primers designed to produce amplicons spanning sequential genes, RT-PCR
products were visible only when spanning Tcr_0853 and Tcr_0854, suggesting that
these genes are cotranscribed. For cells grown under high-DIC conditions, RT-PCR
products were not visible for Tcr_0852 to Tcr_0855, which is consistent with their
transcripts being less abundant than in low-DIC cells. Citrate synthase transcripts
were, however, successfully amplified from both low- and high-DIC cells, suggesting
that RNA purified from high-DIC cells was of sufficient quality for transcripts to be
detected (Fig. 4).

Phylogenetic distribution of Tcr_0853 and Tcr_0854 homologs. Genes homolo-
gous to Tcr_0853 and Tcr_0854 were found to be widespread, present in sequenced

59 a
c
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FIG 3 Intracellular DIC accumulation (dark bars) and fixation (white bars) by mutant strains of T.
crunogena. y axis, intracellular concentration of DIC or acid-stable (fixed) carbon. Mutant strains (de-
scribed in Table S3) were incubated for 60 s. Error bars represent the standard errors, and letters indicate
values that differ from the others significantly (Tukey’s test; P < 0.05).
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TABLE 3 Fold change in Tcr_0853, Tcr_0854, and csoS3 transcript abundance in wild-type
T. crunogena cells cultivated under DIC and NH; limitation in chemostats

Locus tag Fold increase“ AAC; = SD
Tcr_0853 263 —8.0* 18
Tcr_0854 340 —84*16
csoS3 859 —9.7 £09

aFold increase in transcript abundance: DIC limited/NH; limited = 2-22¢T. RNA was extracted from wild-type
cells grown in three DIC-limited chemostats and three NH;-limited chemostats.

genomes from 14 phyla of Bacteria and the phylum Euryarchaeota (class Halobacteria)
of Archaea. The phyla Proteobacteria, Firmicutes, Actinobacteria, and Euryarchaeota were
particularly well represented (Fig. 5; see also Table S4 in the supplemental material).
The phylogenetic tree constructed from the concatenated alignment of Tcr_0853 and
Tcr_0854 homologs (Fig. 5) was congruent with trees generated from each gene
individually (data not shown). Most of the homologs from the genus Thiomicrospira fell
into a single well-supported clade nested within a larger clade dominated by genes
from other gammaproteobacteria (Fig. 5).

DISCUSSION

Low-DIC conditions stimulated the expression of carboxysomes, as anticipated,
and upregulated genes that may play a role in DIC uptake (porins, transport
proteins) (Table 1; see also Table S2 in the supplemental material). In most cases, these
proteins corresponded to genes with elevated transcript abundances under low-DIC
conditions (Table 5) (20). Proteins corresponding to three abundant transcripts
(Tcr_0843, 0845, 0853) could not be detected in the proteome (Table 5); either their
expression was posttranscriptionally regulated, or they were present but not quantified
due to analytical limitations. This appears to have been the case for the protein
encoded by Tcr_0853, as it was detected by subsequent SDS-PAGE-based analysis (Fig.
S1). In other cases (for Tcr_0692, Tcr_2157, and Tcr_2159), transcripts slightly less
abundant under low-DIC conditions corresponded to more-abundant proteins, which
may indicate posttranscriptional regulation.

TABLE 4 Fold change in Tcr_0853, Tcr_0854, and csoS3 transcript abundance after 2 h of
cultivation under low-DIC conditions

Locus tag Strain Fold increase?  AAC; = SD®  Amplicon position®
Tcr_0853 Wild type 643 —93 %05 1283-1415
Tcr_0668-1614-WF 1,351 —10.4
€5053-399-2X0 1,097 —10.1
Tcr_0853-710-WF 137 —=7.1
Tcr_0854-737-MF 1,097 —10.1
Tcr_0854-2006 mutant 4,389 —12.1
Tcr_0854 Wild type 712 —9.5*0.1 1200-1339
Tcr_0668-1614-WF 832 —-9.7
€5053-399-2X0 549 —9.1
Tcr_0853-710-WF 5 —2.3*
Tcr_0854-737-MF 2 -1.1*
Tcr_0854-2006 mutant 1,176 —10.2
csoS3 Wild type 2,740 —114*=038 588-736
Tcr_0668-1614-WF 10,809 —134
€5053-399-2X0 37 —52%
Tcr_0853-710-WF 6,208 —12.6
Tcr_0854-737-MF 5,405 —124
Tcr_0854-2006 mutant 14,263 —13.8

aFold increase in transcript abundance is calculated as low DIC/high DIC (= 2~2Ac).

bFor the wild type, standard deviations are based on two cultures that were cultivated under high-DIC
conditions before exposure to low-DIC conditions. For the others, a single culture was cultivated (n = 1).
Values with asterisks were detected as outliers from the others (P < 0.05) using Grubb's test.

Position, in nucleotides, relative to the first nucleotide of the start codon of the gene.
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FIG 4 Cotranscription of Tcr_0853 and Tcr_0854 in wild-type T. crunogena cells cultivated in chemostats under low- and high-DIC
conditions. Agarose gel-electrophoresed, ethidium bromide-stained, RT-PCR amplicons are shown for each RT-PCR target, in five lanes,
from left to right: genomic DNA, cells cultivated under low-DIC conditions, cells cultivated under low-DIC conditions (reverse
transcriptase-free control), cells cultivated under high-DIC conditions, and cells cultivated under high-DIC conditions (reverse
transcriptase-free control). Transcription of Tcr_0841 (cso0S3) was monitored to verify CCM induction; Tcr_0350 was targeted to verify
that the mRNA was of sufficient quality to act as an RT-PCR template.

Interrupting csoS3 resulted in a requirement for high DIC for growth, as has been
observed in H. neapolitanus (19), likely due to a disruption of carboxysome function,
although in H. neapolitanus, cells with mutated csoS3 synthesize carboxysomes. Carboxy-
some absence in the T. crunogena csoS3 mutant is puzzling and could suggest a polar effect
on the expression of carboxysome shell genes downstream from the mutated gene.

The low-DIC-induced protein encoded by Tcr_0854 clearly plays a role in DIC uptake.
Transposon-mediated interruption of this gene at either of two positions (nucleotide
737 or 2006) or the gene Tcr_0853, immediately upstream, resulted in a decrease of DIC
uptake rates (Fig. 2) and loss of ability to generate elevated concentrations of intra-
cellular DIC, as well as a diminished ability to fix CO, (Fig. 3), resulting in an inability to
grow under low-DIC conditions (Table S3). In these mutants, RubisCO activities were
similar to those in the Tcr_0668-1614-WF mutant (Fig. S2), as was carboxysome mor-
phology (Fig. 1), indicating that the effect may be independent of the functioning of
these microcompartments. Interestingly, carboxysome numbers in the cells were en-
hanced (Fig. 1), perhaps in an attempt to compensate for the lower concentrations of
intracellular DIC (Fig. 3).

The protein encoded by Tcr_0854 belongs to PFam10070 (http://pfam.xfam.org/
family/PF10070), which consists of a family of conserved proteins whose function is
unknown. Many aspects of adjacent gene Tcr_ 0853 suggest a potential function.
Tcr_0854 was cotranscribed with Tcr_0853 (Fig. 4), and both had greatly enhanced
transcript abundances when cells were grown under low-DIC conditions (Table 3),
suggesting a potential role in a CCM. Given that the Tcr_0853-encoded protein was
predicted to have 13 transmembrane helices, it is possible that Tcr_0853 and Tcr_0854
act together to transport DIC. Interaction between the proteins encoded by these
genes is also supported by the collocation of their homologs on chromosomes in many
organisms. A total of 5,377 finished archaeal and bacterial genomes in IMG (Integrated
Microbial Genomes database; http://img.jgi.doe.gov/) were queried via the “Cassette
Search” feature, to identify organisms in which homologs are collocated in candidate
operons (24). Of 664 taxa with a homolog to Tcr_0854, 650 had Tcr_0853 and Tcr_0854
homologs cooccurring in candidate operons. Indeed, in some taxa, a single fused gene
in which the 5" end is homologous to Tcr 0853 and the 3’ end is homologous to
Tcr_0854 was found to be present (Fig. 6).

The protein encoded by Tcr_0853 belongs to PFam00361 (http://pfam.xfam.org/
family/PF00361), comprised of membrane-spanning proton transporters and their ho-
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FIG 5 Maximum likelihood phylogenetic analysis of concatenated alignments of Tcr_0853 and Tcr_0854 homologs. Bootstrap values from 100
resamplings of the alignment are indicated when they exceeded 70%. Numbers preceding taxon names are gene object ID numbers from the
Integrated Microbial Genomes database (http://img.jgi.doe.gov/), corresponding to the Tcr_0854 homolog of each pair. Collapsed clades are
labeled by the dominant phyla or classes present in the clade.
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TABLE 5 Proteins and transcripts more abundant in cells cultivated under DIC limitation

Journal of Bacteriology

Locus tag, protein description Ratios in proteome? Ratios in transcriptome®
Tcr_0682, hypothetical protein (prophage) 6, 24 09, 1.1, 1.2
Tcr_0838, carboxysomal form | RubisCO CbbL 30, 128 45,52
Tcr_0839, carboxysomal form | RubisCO CbbS 84, 128 9.2, 10.7
Tcr_0840, carboxysome shell protein CsoS2 21,74 29,129, 143
Tcr_0841, carboxysome shell protein CsoSCA 17, 23 1.5,3.2,3.7
Tcr_0842, carboxysome shell protein CsoS4A 45,74 32,42, 5.1
Tcr_0843, carboxysome peptide B ND 17,24,27
Tcr_0844, carboxysome shell protein CsoS1 2,2 6.1, 12.8
Tcr_0845, carboxysome shell protein CsoS1 ND 2.7, 19.6
Tcr_0846, carboxysome shell protein CsoS1C S1, 45; M2, 23 12.6, 14.6
Tcr_0847, bacterioferritin family protein 12,42 4.5, 11.1
Tcr_0848, a-carboxysome RubisCO assembly factor 13, 28¢ 36,55
Tcr_0850, Ham1-like protein 20, 91 1.2,14,1.7
Tcr_0852, LysR family transcriptional regulator S, 7,7, M,5,6 09,12, 14
Tcr_0853, NADH subunit 5/MnhA homolog ND 11,13, 16
Tcr_0854, conserved hypothetical protein, DUF2309 42, 45 12,14
Tcr_1019, hypothetical protein S2,6 3.0, 3.0
Ter_1315, porin 14, 21 13,24,33
Tcr_2157, sulfur relay, DsrE/F-like protein S, 4,6, M, 5,8 0.8, 0.8
Tcr_2158, sulfur relay, DsrE/F-like protein S,10,13; M, 9, 16 0.8, 0.9
Tcr_2159, porin S, 4,6, M, 5,8 08,09, 09

aRatios of abundances of quantified peptides for cells cultivated under low-DIC conditions/high-DIC conditions. When relevant, the cell fractions are indicated (S, soluble; M,

membrane; S1, M1, and M2 indicate biological replicates of these fractions). ND, not determined.
bRatios of transcripts for cells cultivated under low-DIC conditions/high-DIC conditions, from reference 20.
“Not included in Table 1 because g values exceeded 0.05.

mologs. Included in this family are the proton-translocating subunit from both the
NADH dehydrogenase complex (synonyms include NuoL, ND5, and NdhF [25]) and a
subunit from Mrp-type Na™/H™ antiporters (26). Also included are the transmembrane
subunits from the CO, uptake systems present in some cyanobacteria (27). Genes
encoding the other subunits of the Mrp-type Na*/H* antiporter as well as the
cyanobacterial CO, uptake systems (CupA/ChpY or CupB/ChpZ) are absent from the T.
crunogena genome, which suggests a different role for Tcr_0853.

One model for Tcr_0853-Tcr_0854 is that together they act as a proton-DIC sym-
porter. This model is consistent with inhibitor studies of DIC uptake (21). Collapsing the
proton potential with the protonophore CCCP resulted in low intracellular DIC concen-
trations, as would be expected if a proton-DIC symporter was responsible for gener-
ating elevated concentrations of intracellular DIC. DCCD addition also diminished
intracellular DIC concentrations, and this was taken to indicate that DIC uptake was
linked to the intracellular ATP pool, since this compound inhibits ATP synthase (21).
DCCD can also interact with NADH dehydrogenase, where it has been shown to bind
to the hydrophobic subunits of this complex (28). This has been well established for
NuoH (29), but incubating the complex with ["#*C]DCCD results in labeling of multiple
hydrophobic subunits (28). It is possible that Tcr_0853 also binds DCCD and its DIC
uptake activity is inhibited. It is also possible that Tcr_ 0854 and perhaps Tcr 0853
stimulate DIC uptake via other mechanisms. They may act as an Na*/H* antiporter that
could create an Na™ gradient to power DIC uptake via a separate Na*/HCO5;~ sym-
porter.

Genome data suggest that Tcr_0853 and Tcr_0854 homologs play a role in DIC
uptake in several phyla. The genomes of many of the organisms carrying homologs to
Tcr_0853 and Tcr_0854 also carry genes encoding steps in autotrophic carbon fixation
pathways (Fig. 5 and 6; Table S4). Among them are many Proteobacteria that carry form
| or form Il RubisCO genes (active in the Calvin-Benson-Bassham cycle [30]), Chlorofiexi
with genes encoding malonyl coenzyme A (malonyl-CoA) reductase, propionyl-CoA
synthase, and propionyl-CoA carboxylase, necessary for the hydroxypropionate cycle
(31-33), and many members of Nitrospirae and Aquificae with ATP-dependent citrate
lyase genes or citryl-CoA synthetase and citryl-CoA lyase, key enzymes of the reductive
citric acid cycle (rCAC) (34). Further, Tcr_0853 and Tcr_0854 homologs are often juxta-
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FIG 6 Collocation of Tcr_0853 (yellow) and Tcr_0854 (red) homologs to genes encoding enzymes that consume dissolved inorganic carbon and associated
pathways or cellular structures. For Acidimicrobium ferrooxidans, the Tcr_0853 and Tcr_0854 homologs exist as a single fused gene. OGOR is
oxoglutarate:ferredoxin oxidoreductase, whose substrate (oxoglutarate) has been empirically determined (60). The alpha keto organic acid substrate for
oxoacid oxidoreductase has not been characterized. Taxon names include class or phylum in parentheses.

posed to genes encoding carboxylases (RubisCO; oxoacid:acceptor oxidoreductase
[rCAC carboxylases]) and other enzymes that consume DIC (carbonic anhydrase) or
enzymes from biosynthetic pathways that consume DIC (purine synthesis [Fig. 6]).

Other genes found nearby include those needed to respond to low-DIC conditions,
such as those encoding the subunits of glycolate dehydrogenase, used to metabolize the
glycolate generated by the RubisCO oxidase reaction (35). In many organisms, Tcr_0853 and
Tcr_0854 homologs are found near genes encoding carboxysomes. Sometimes genes
encoding predicted permeases are nearby as well (Fig. 6). This collocation and the
genes’ widespread occurrence in autotrophs suggest that these genes might play a role
in DIC uptake in a diverse group of organisms, including autotrophic representatives
throughout the Proteobacteria, and much farther afield, in the phyla Firmicutes, Acti-
nobacteria, Aquificae, Chloroflexi, and Nitrospirae.

Identifying a potential DIC transporter, particularly one that is present in many
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autotrophs in six phyla, will be quite helpful in understanding the activities of these
organisms in situ. Given that some of these organisms are responsible for acid mine
drainage (Acidithiobacillus spp. and Leptospirillum spp.) while others (Thiomicrospira
spp.) are common and sometimes dominant at hydrothermal vents (36), it will be of
interest to determine the degree to which active transport of DIC facilitates their
growth in nature.

DIC transporters from cyanobacteria are currently being considered for bioengineer-
ing autotrophic organisms to produce compounds of industrial interest (37). Adding
transporters from autotrophs beyond the cyanobacteria would expand the versatility of
these bioengineered organisms, given the growth of these organisms in a very broad
range of environmental conditions (e.g., pH) and the differences in transporter struc-
ture, which may make them more robust for use in industrial processes.

MATERIALS AND METHODS

Growth medium. T. crunogena XCL-2 (10, 38) cultures were grown in chemostats (New Brunswick
Scientific BioFlo 110) in TASW medium, an artificial saltwater medium, with 430 mM NaCl, 7.6 mM
(NH,),SO,, 6.1 mM MgSO,, 3.1 mM K,HPO,, 2.0 mM CaCl,, and 1 ml per liter trace element solution SL-8
(39). Modifications of the artificial seawater medium originally used to cultivate T. crunogena (14) included
increasing the thiosulfate (Na,S,0,) to 40 mM and adding 100 mM Na HEPES (pH 8; (15). Chemostat dilution
rates were 0.1 h—1.

Cells were cultivated under either DIC or NH, limitation, as previous work had demonstrated that DIC
limitation induced the expression of a CCM in this organism while NH, limitation did not (15, 20, 22). To
cultivate cells under DIC limitation, TASW was prepared with 2 mM NaHCO, and the growth chamber was
pulsed with O, to maintain oxygen tensions at 5 to 20% atmospheric saturation using the BioFlo dO,
controller. For NH, limitation, the concentration of NaHCO, in TASW was raised to 50 mM, and (NH,),SO,,
was lowered to 0.4 mM. Under NH; limitation, the growth chamber was pulsed with 5% C0O,-95% O, to
maintain oxygen tensions at 5 to 20%. These conditions have been shown to result in 0.08 to 0.1 mM DIC
in the growth chamber for DIC-limited cells and undetectable ammonia concentrations for NH,-limited
cells (15).

For mutagenesis, T. crunogena was grown under DIC limitation in TASW with the NaCl content
decreased to 20% (65 mM; referred to as “20% TASW”) in order to facilitate mating with Escherichia coli,
which was grown in TYE medium (40) supplemented with kanamycin (25 mg/liter). TCTYE medium, used
for mating T. crunogena with E. coli, consisted of TASW with the NaCl lowered as described above and
supplemented with tryptone (10 g/liter), yeast extract (5 g/liter), and agar (15 g/liter).

Influence of DIC on the proteome. T. crunogena was cultivated in four chemostats: two were DIC
limited (low DIC), and two were NH; limited (high DIC). The NH,-limited chemostats contained 0.8 mM
15NH,Cl. Once stable steady-state conditions had been attained and the growth chamber (1 liter) had
been replenished with 5 volumes (5 liters) of fresh medium from the reservoirs, cells were harvested via
centrifugation (5,000 X g, 15 min, 4°C) and stored frozen at —80°C.

Each cell pellet was fractionated into soluble and membrane fractions. Pellets were thawed and
resuspended in 5 ml 50 mM Tris (pH 8), 10 mM MgSO,, and 1 mM dithiothreitol (DTT) and subjected to
four freeze-thaw cycles. They were then sonicated with glass beads (5 X 30 s on ice, 1-min resting period
between sonications) and centrifuged (6,000 X g, 30 min, 4°C) to remove intact cells. The pellets were
resubjected to freeze-thaw, sonication, and centrifugation to maximize protein extraction. Supernatants
from both cycles of treatment were combined and centrifuged to pellet membranes (75,000 X g, 30 min,
4°C). Membrane pellets and supernatants from this second centrifugation step were carried forward for
subsequent analysis. Protein concentrations for supernatant and membrane fractions were quantified
(RC DC protein assay [Bio-Rad, Inc.] using bovine serum albumin as the standard). Soluble fractions from
unlabeled low-DIC cultures and ">N-labeled high-DIC cultures were combined at a protein ratio of 1:1,
resulting in two mixed soluble fractions (since two low-DIC and two high-DIC chemostats were sampled).
The same procedure was undertaken for membrane fractions.

The four samples with mixed unlabeled and >N-labeled fractions were measured using a quantita-
tive proteomics approach (41). Briefly, after denaturation in 6 M guanidine and 10 mM DTT, proteins were
digested into peptides using sequencing grade trypsin (Promega Life Sciences). The peptide samples
were analyzed using the 12-step, split-phase MudPIT (42) method. An LTQ-Orbitrap Elite instrument
(Thermo Scientific) was used for data-dependent tandem mass spectrometry (MS/MS) analysis with each
high-resolution full scan followed by 12 low-resolution MS/MS scans. The MS/MS data were searched
against a concatenated forward-reverse protein database constructed from the T. crunogena genome
(10) in unlabeled and '>N-labeled amino acids using Sequest (43) and DTASelect (44). Selected ion
chromatogram extraction and peptide abundance ratio estimation were performed with ProRata (45). The P
values for the abundance changes of proteins were calculated by Student’s t test on the abundance changes
of the constituent peptides of a protein and then were corrected to g values using the qvalue R package (46).
The confidence intervals of protein abundance ratios were calculated by a profile likelihood algorithm in
ProRata (46, 47).

The protein corresponding to Tcr_0853 was not detectable in protein profiles for low- and high-DIC
cells despite its relevance to DIC uptake (see Results and Discussion). To determine whether low-DIC cells
synthesize this protein, membrane preparations were subjected to SDS-PAGE (48). Coomassie blue-
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stained gel fragments were excised from the molecular mass region corresponding to approximately 50
to 75 kDa and processed as described previously (49) before being digested with trypsin/Lys-C overnight
at 37°C. Peptides were dried in a vacuum concentrator (Labconco) and resuspended in 0.1% formic acid
for liquid chromatography (LC)-MS/MS analysis. Experiments were performed in triplicate.

Peptides were separated using a C,4 reversed-phase high-performance liquid chromatography
(HPLC) column (New Objective) on an EASY-nLC1000 (Thermo Fisher Scientific) with a 60-min gradient
(4 to 40% acetonitrile with 0.1% formic acid) and analyzed on a linear ion trap-Orbitrap instrument
(Orbitrap XL; Thermo Fisher Scientific) using data-dependent acquisition, whereby the top 10 most-abundant
ions were selected for MS/MS analysis in the linear ion trap.

Raw data files were processed in MaxQuant (version 1.5.0.30; www.maxquant.org) and searched
against the UniprotKB T. crunogena protein sequence database. Search parameters included constant
modification of cysteine by carbamidomethylation and the variable modification methionine oxidation.
Proteins were identified using the filtering criteria of 1% protein and peptide false-discovery rate.

Mutagenesis. Random mutagenesis was utilized to identify genes required for growth under
low-DIC conditions. Wild-type T. crunogena cells were mated with E. coli BW20767 carrying plasmid
PRL-27, which encodes transposon Tn5-RL27 (40). T. crunogena was cultivated in 20% TASW in DIC-
limited chemostats. Cells were harvested via centrifugation (14,000 X g, 5 min, 4°C) and resuspended at
an optical density at 600 nm (ODg,,) of 20 in 20% TASW medium. E. coli BW20767 was grown to an ODg,
of 0.7, washed twice in 20% TASW, and resuspended as described for T. crunogena. To mate the cells, 50
wlof a 1:1 T. crunogena-E. coli suspension was spotted onto solid TCTYE medium. Plates were incubated
overnight at 32°C under a 5% CO, headspace. Growth was scraped from the surface of the solid medium,
suspended, and washed three times with TASW, spread onto recovery plates (TASW medium plus 25
mg/ml kanamycin), and incubated under a 5% CO, headspace.

A high-throughput assay was used to screen mutant strains for loss of ability to grow under low-DIC
conditions. Phenol red was added to TASW (P-TASW); since T. crunogena produces sulfuric acid when
using thiosulfate as an electron donor, P-TASW changes from red (pH 8) to yellow (pH <6) during growth.
Random knockout colonies were inoculated into 96-well plates (200 wl P-TASW/well) and maintained
under 5% CO, headspace at room temperature for approximately 2 weeks. Strains were then transferred
into two new 96-well plates containing either high- or low-DIC P-TASW. High-DIC 96-well plates were
incubated under a 5% CO, headspace, and the low-DIC plates were kept at ambient air. Strains that grew
well under high-DIC conditions but were inhibited under low-DIC conditions were selected for further
investigation.

It was anticipated that mutants whose carboxysomal genes were interrupted would be unable to
grow under low-DIC conditions, as has been observed in H. neapolitanus (19). To remove these mutants
and focus on novel CCM genes, each strain was screened with four PCRs, with four sets of primers, which
together covered a substantial portion of the carboxysome operon (Tcr_0837-Tcr_0848) (see Table S1 in
the supplemental material). Increased band size indicated an interruption within the operon. Strains that
had wild-type carboxysome genes but were CO, sensitive were selected for further scrutiny. To
determine which gene had been interrupted in these mutant strains, arbitrarily primed PCR was used,
followed by sequencing of the PCR products (50).

Site-directed mutagenesis (51) was used to interrupt Tcr_0841 (csoS3), the gene encoding carboxy-
somal carbonic anhydrase CsoSCA, anticipating that this would prevent growth under low-DIC condi-
tions (19) and function as a positive control when screening for this phenotype. A strain that could
function as a negative control (capable of growth under low-DIC conditions) was generated by targeting
Tcr_0668, which is predicted to encode a conserved hypothetical protein located within a prophage.
Transcript abundance from this gene is insensitive to the concentration of DIC during growth (20),
suggesting that the protein product is unlikely to be part of a CCM. Based on results from random
mutagenesis experiments (see Results), Tcr_0853 and Tcr_0854 were also targeted. Genes encoding
proteins that were more abundant in cells cultivated under DIC limitation were also interrupted, to
determine whether they might play a role in the T. crunogena CCM.

Target genes were PCR amplified from T. crunogena genomic DNA using primers directed to each
gene (Table S1), digested, ligated into pcDNA3.1 (Invitrogen, Inc.), and introduced into chemically
competent E. coli Top10 cells (Invitrogen, Inc.). After propagation, pcDNA3.1 plasmids carrying the target
T. crunogena genes were purified, subjected to EZ-Tn5-transposon mutagenesis (EZ-Tn5<kan-2> kit;
Epicentre, Inc.), and transformed into chemically competent E. coli Top10 cells (Invitrogen, Inc.). Once
these plasmids were propagated and purified, mutated genes were amplified from them, restricted, and
ligated into E. coli mating plasmid pLD55 (51). This DNA was introduced into chemically competent E. coli
BW20767 (51). To introduce mutated target genes into T. crunogena, these E. coli BW20767 cells were
then mated with T. crunogena as described above for random mutagenesis. RecA-mediated recombina-
tion between the mutated gene on the plasmid and the wild-type copy on the chromosome resulted in
merodiploid mutant strains. These merodiploid strains were next cultivated in the presence of fusaric
acid, favoring cells in which a second RecA-mediated crossover event had occurred, removing the
plasmid and the wild-type copy of the gene (51).

Mutant phenotype characterization. Mutant strains were screened for inability to grow under
low-DIC conditions by cultivating them in 40-ml cultures of low-DIC (2 mM) and high-DIC (50 mM) TASW
supplemented with kanamycin (25 mg/liter). Growth was monitored spectrophotometrically (ODg,) until
the cells reached stationary phase. Cultures of cs053-399-2X0O and Tcr_0668-1614-WF mutants were grown
in parallel, to serve as a negative control for growth under low-DIC conditions (cs053-399-2XO strain) and
positive control for growth under low- and high-DIC conditions (Tcr_0668-1614-WF strain).
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To determine whether mutants that were unable to grow under low-DIC conditions had aberrant
carboxysomes, cells were examined via transmission electron microscopy. To prepare the cells, each
strain was cultivated under high-DIC conditions in kanamycin-containing TASW. Once turbid, a 1-ml
portion of each culture was preserved in 2.5% glutaraldehyde and refrigerated. A second 1-ml portion
of each high-DIC culture was added to 25 ml low-DIC medium (2 mM DIC, 25 mg/liter kanamycin) and
agitated overnight. The following morning, cells were pelleted via centrifugation (14,000 X g, 5 min, 4°C),
resuspended in TASW, and preserved as described above for the high-DIC samples. These cells were
prepared for electron microscopy, and the numbers of carboxysomes per square micrometer of cell
cross-sectional area were calculated as described in reference 20. Carboxysome frequencies were binned
into four categories (0, >0 to 9.99, 10 to 19.99, and >20 carboxysomes per um?); differences between
strains were tested for statistical significance with a chi-square test.

To measure differences in DIC uptake and fixation by mutant strains, cells were cultivated in
chemostats under NH,-limited (50 mM DIC) conditions, harvested via centrifugation (5,000 X g, 15 min,
4°C), and resuspended in 1 liter low-DIC (2 mM DIC) medium, with pH and O, maintained by the BioFlo
110 pH/dO, module. For 2 h, cultures were monitored for continued consumption of O,, to verify that
they remained viable, even if they were incapable of growth under these conditions. When treated this
way, wild-type cells induced a CCM (carboxysome synthesis, ability to generate elevated intracellular DIC
concentrations [20]). Cultures were then harvested, washed, and resuspended in DIC-free TASW. Cell
suspensions were supplemented with 0.1 mg/ml bovine carbonic anhydrase and gently sparged with 1%
O,-balance N, for 5 min to remove residual DIC. DIC uptake and fixation were measured via incubations
with *C-DIC and silicone oil centrifugation as described in reference 15. RubisCO activities were also
measured radiometrically (52).

Transcription of Tcr_0853 and Tcr_0854. qRT-PCR was used to determine whether Tcr_0853 and
Tcr_0854 transcript abundance was sensitive to the concentration of DIC present during growth.
Wild-type cells were cultivated in DIC-limited and NH,-limited chemostats. After five vessel volumes had
passed through the growth chamber, 30-ml portions were centrifuged (14,000 X g, 5 min, 4°C); cell
pellets were flash-frozen with liquid nitrogen and stored at —80°C.

To determine whether the 2-h exposures to low-DIC conditions used above (DIC uptake and fixation
experiments) affected the transcription of these genes in wild-type and mutant strains, 30-ml portions
were removed from the high-DIC cultures as well as from the low-DIC cultures after 2 h, flash-frozen, and
stored at —80°C.

Total RNA was extracted from samples with the RiboPure-Bacteria kit (Ambion, Inc.) and analyzed via
gel electrophoresis to verify RNA quality (sharp 16S and 23S bands). RNA was quantified via Nanodrop
1000 (Nanodrop Technologies), and the QuantiTect SYBR green RT-PCR kit (Qiagen, Inc.) was used in an
Applied Biosystems Step One real-time PCR system, with primers directed to Tcr_0853 and Tcr_0854 as
well as ¢s0S3 (positive control for CCM induction) and the citrate synthase gene (Tcr_0530; calibrator for
the 2-22¢T method) (Table S1). Relative amounts of transcripts were calculated using the 2-22¢T method.
For this method, fold change was calculated as 2724¢T, where AAC; = AC;, — AC; ., ACr, = (Crarger —
Crcitrate synthase) fOr the RNA from the DIC-limited cells and AC; ., = (Crarger for the RNA
from the NH,-limited cells (20, 53).

To test for statistically significant differences in transcript abundance among strains cultivated for 2 h
under low-DIC conditions, Grubb’s test was used to detect outliers (e.g., strains whose AAC; values
differed significantly from the others). For finding outliers in AAC; values for Tcr_0853 transcripts, AAC;
values from wild-type cells and cells with mutations in Tcr_0668 or csoS3 were pooled, and AAC; values
from Tcr_0853-710-WF, Tcr_0854-737-MF, and Tcr_0854-2006 mutants were individually added to deter-
mine whether any of them were sufficiently different from the pooled values to be detected as outliers.
This process was repeated for Tcr_0854 transcripts. For csoS3 transcripts, AAC; values from all types
of cells were pooled, as mutations in Tcr_0853 and Tcr_0854 were not anticipated to affect csoS3
transcription.

To determine whether Tcr_0853 and Tcr_0854 were cotranscribed, RNA was also subjected to RT-PCR
(Qiagen One-Step RT-PCR kit), using primer sets that covered overlapping sequential ~1,000 nucleotide
(nt) portions of the region spanning Tcr_0852 to Tcr_0855 (Table S1), and reverse transcriptase-free
controls to check for DNA contamination. RT-PCRs with primers directed to Tcr_0841, encoding carboxy-
somal carbonic anhydrase, were used to verify that cells were responding to low-DIC conditions (22), and
reactions with primers targeting Tcr_0350 (Table S1), encoding citrate synthase, were used as a positive
control for RNA integrity, as this gene has been found to be transcribed similarly under low- and high-DIC
conditions (20). RT-PCR amplicons were examined after subjecting the reaction products to gel electro-
phoresis (Tris-borate-EDTA [TBE], 1% agarose) and staining with ethidium bromide (48).

Phylogenetic distribution of Tcr_0853 and Tcr_0854 homologs. Homologs to Tcr_0853 and
Tcr_0854 were collected from the Integrated Microbial Genomes database (https://img.jgi.doe.gov/ [24])
using BLASTp (54) with query sequences translated from Tcr_0853 and Tcr_0854 nucleotide sequences.
Gene pairs were winnowed down to 261 by selecting a single strain from each species and selecting taxa
that represented the full phylogenetic diversity of the homologs. Tcr_0853 and Tcr_0854 homologs were
aligned separately using MUSCLE (55) and then concatenated into a single alignment, which was
subjected to GBLOCKS using stringent criteria (56). Phylogenetic trees were constructed using maximum
likelihood (ML) analysis of amino acid sequences in a sequence alignment of 261 taxa. The best-fit model
of evolution, estimated using “smart model selection” (SMS) in PhyML 3.0 (57), was determined to be the
LG + G + | amino acid replacement model (58) with 4 categories using a discrete Gamma distribution
(G = 0.739) and a proportion of Invariant sites (I = 0.062). Results were assessed using 100 bootstrap
replicates. A consensus tree was visualized using FigTree (version 1.4.3) (59).

—
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