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Although some bacteria require an atmosphere with high CO, levels for their growth, CO, is not generally
supplied to conventional screening cultures. Here, we isolated 84 bacterial strains exhibiting high-CO, de-
pendence. Their phylogenetic affiliations imply that high-CO, culture has potential as an effective method to

isolate unknown microorganisms.

It has been known for a long time that some bacteria require
an atmosphere with high CO, levels for their growth. In 1952,
Tuttle and Scherp (21) reported that Neisseria meningitidis
grew effectively under an atmosphere containing 4% CO,.
Since then, the dependence of a number of pathogens (3, 8, 12,
17) and ruminal bacteria (5) on an atmosphere with high levels
of CO, has been demonstrated; these microorganisms are
called “capnophiles.” Recently, several instances of a high-
CO, requirement with regard to the commensal growth of
some bacteria have been reported. For example, Diaz et al. (6)
reported that the growth of Porphyromonas gingivalis depends
on CO, supplied by coexisting Fusobacterium nucleatum. Brin-
gel and Hubert (2) revealed the presence of a number of
CO,-dependent auxotrophs in a community of lactic acid bac-
teria. Recently, we revealed that Symbiobacterium thermophi-
lum, a taxonomically unique syntrophic bacterium whose
growth depends on coculture with cognate Geobacillus stearo-
thermophilus strain S (22) demonstrated marked pure growth
when CO, was introduced into the culture (24).

Despite such wide occurrence of capnophilic bacteria, CO,
is not conventionally supplied to cultures used to isolate mi-
croorganisms from environmental samples. This made us spec-
ulate that some microorganisms dependent on high CO, levels
have not yet been isolated and that they remain uncharacter-
ized despite their culturability. Hence, we screened for bacteria
whose isolation depended on the presence of an atmosphere
with high levels of CO, by focusing on soil and water samples
and studied the phylogenetic affiliations of these bacteria.

Prior to isolation, the effect of an atmosphere with high
levels of CO, on the colony formation efficiency of bacteria
from environmental samples was studied by microcolony
counting. An appropriately diluted environmental sample was
applied to a 0.45-pm nitrocellulose membrane disk (F4 cm;
Advantec, Tokyo, Japan), which was divided into two pieces.
The pieces were placed separately on two Luria-Bertani (LB)
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medium-containing agar plates containing tryptone (Difco
Laboratories, Detroit, MI; 10 g/liter), yeast extract (Difco; 5
g/liter), NaCl (Kokusan, Tokyo, Japan; 5 g/liter), and agar
(Kokusan; 10 g/liter). The pH of the medium was adjusted to
7.0 and 9.0 for neutral and alkaline samples using 50 mM
phosphate and bicarbonate buffer, respectively. One plate was
incubated under ambient air, and the other was incubated
under an atmosphere with high levels of CO, (air supplied with
5% CO,) using a CO, incubator (model 5400; Napco, OH).
After an 8-h incubation at 28°C, a filter was stained with meth-
ylene blue, and the microcolony content was determined by
direct counting under a stereo microscope (model SZH10;
Olympus, Tokyo, Japan).

Using the above method, we preliminarily assessed the mi-
crocolony formation frequencies of conventional soil and wa-
ter samples (neutral/alkaline) collected from several sites in
Kanagawa Prefecture, Japan. The pH ranges of the neutral and
alkaline samples were 6.9 to 7.6 and 9.1 to 9.4, respectively.
Cultivation of the neutral samples under 5% CO, yielded 4 X
10° to 5 X 10° colonies per gram of soil and 2 X 10° to 3 X 10°
colonies per milliliter of water, values which were slightly
higher (7 to 10% increases) than the values obtained for cul-
tures cultivated under ambient air. On the other hand, culti-
vation of the alkaline samples under 5% CO, yielded 1 X 10°
to 6 X 10° colonies per gram of soil and 1 X 10° to 3 X 10°
colonies per milliliter of water, values which were markedly
higher (three- to fivefold increases) than those obtained by
cultivation under ambient air. Hence, it appeared that the
introduction of an atmosphere with high levels of CO, pro-
motes the growth of microorganisms, particularly of those that
exist in alkaline pH samples.

Further, the effect of the atmosphere with high levels of
CO, on the diversity of the bacteria grown from environ-
mental samples was roughly estimated by denaturing gradi-
ent gel electrophoresis (DGGE) analysis. Similar to proce-
dures described above, the soil and water samples (neutral/
alkaline) were inoculated into LB liquid medium (pH 7.0 or
9.0) and cultured at 28°C for 8 h. Then, the microbial cells
were harvested by centrifugation and subjected to DNA
extraction. The resulting DNA fraction containing the ge-
nomes of various bacteria was analyzed by DGGE using
primers that extensively amplified the bacterial 16S rRNA
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gene. The methods used for DNA extraction and DGGE
analysis have been described previously (19). The obtained
DGGE profiles showed a marked difference in the popula-
tions of cultures cultivated under 5% CO, and those culti-
vated under ambient air (for examples, see Fig. S1 in the
supplemental material), suggesting that the atmospheric
CO, content affects not only the number but also the diver-
sity of the bacteria that grow from environmental samples.

The above preliminary observations suggested that cultiva-
tion under an atmosphere with high levels of CO, permits the
cultivation of bacteria different from those obtained by culti-
vation under ambient air and that alkaline samples are an
excellent source for the isolation of bacteria dependent on high
CO, levels. Hence, we screened for bacteria dependent on
high CO, levels by using the alkaline samples mentioned above
as isolation sources. After appropriate suspension and dilution
with sterile water, the samples were plated onto LB agar me-
dium or 1/100 LB agar medium (1/100 dilution of LB medium
added to 1% agar) and cultured at 30°C for 2 to 5 days under
5% CO,. The pH of the medium was adjusted to 9.0 by adding
NaCOs;. The poor nutritional content of the latter medium
reduced the growth rate of fast growers and enabled the iso-
lation of slow growers. Next, the bacterial colonies were replica
plated onto two LB agar plates and separately cultured under
5% CO, and ambient air. Those exhibiting marked growth
under only the former condition were selected. Since cultiva-
tion using a CO, incubator affected pH and humidity, the
dependence of the selected isolates on high levels of CO, was
carefully checked under several pH and humidity conditions
before the isolates were finally described as being dependent
on high CO, levels. For example, the pH of the above alkaline
medium used for isolation (initial pH 9.0) was reduced to 8.3
during 5 days of incubation in a CO, incubator; hence, the
isolates were checked for their growth defect under normal air
using medium adjusted to pH 8.3 or lower. We did not obtain
any isolate that depended on the slight acidification of media.

The isolates dependent on high CO, levels were phyloge-
netically characterized by a 16S rRNA gene-based analysis as
described previously (19). The nucleotide sequence of the
nearly complete (1.5-kb) 16S rRNA gene of each isolate was
compared with the sequences in the GenBank/EMBL/DDBJ
nucleotide sequence databases by using the BLASTN program
(http://www.ncbi.nlm.nih.gov/BLAST/) and the SEQUENCE _
MATCH program from the Ribosomal Database Project da-
tabase (4). All nucleotide sequences were confirmed not to be
chimeric using the CHECK_CHIMERA program from the
Ribosomal Database Project website (http://rdp8.cme.msu.edu
/html/). The sequences were aligned using the Clustal W pro-
gram (20). Neighbor-joining phylogeny (18) was elucidated
using the NJ plot program (16), and bootstrapping (7) was
used to estimate the reliability of the phylogenetic reconstruc-
tions (1,000 replicates). The reference nucleotide sequences
used in the tree construction were obtained from the
GenBank/EMBL/DDBIJ nucleotide sequence databases.

We studied approximately 600 colonies of mesophilic bac-
teria and obtained 77 strains (13%) that exhibited a distinct
dependence on high levels of CO,. Table 1 summarizes the
phylogenetic affiliations of the isolates based on the 16S rRNA
gene sequence. The result indicated that these isolates were
affiliated with 19 species (isolates exhibiting sequence identi-
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ties of 99% or more were classified as the same species; the
names of representative strains are listed in Table 1). Among
these, eight species exhibited low scores (<97%) for sequence
identity to their closest identified relatives, suggesting that
these isolates belonged to new taxa. The distinct taxonomic
position of these isolates could also be inferred from the phy-
logenetic tree (see Fig. S2A in the supplemental material).

The 19 species mentioned above were affiliated with four
bacterial classes (Bacilli, Alphaproteobacteria, Betaproteobacte-
ria, and Actinobacteria). This implies that the high-CO, re-
quirement occurs in bacteria belonging to various taxa. The
most frequently obtained species (29 isolates) showed a
marked similarity with regard to the 16S rRNA gene to Yong-
haparkia alkaliphila. Yonghaparkia is a genus of Actinobacteria
that has been proposed recently based on the isolation of Y.
alkaliphila, which is the only species included in this genus (26).
The two strains belonging to this species were described as
dependent on alkaline pH but not on high levels of CO,;
however, the medium used for the cultivation of this bacterium
contains 1% carbonate (http://www.dsmz.de/microorganisms/).
It is possible that the high concentration of carbonate fulfils the
CO, requirement of this bacterium and enables its cultivation
under ambient air.

We also carried out a similar screening study by using neu-
tral pH samples. The composition of the isolation medium was
the same as that described above, except that the pH was
adjusted to 7.0 by using NaOH. In contrast to isolation from
alkaline pH samples, the isolation of bacteria dependent on
high CO, levels from neutral pH samples was inefficient; al-
most all the colonies that appeared on the isolation medium
were those of bacteria that did not require high levels of CO,
for their growth. We succeeded in obtaining only seven strains
dependent on high CO, levels after examining approximately
3,000 colonies (0.2%). These isolates, however, exhibited low
16S rRNA gene sequence identities with their closest identified
relatives (91 to 97.7%; Table 1) (see also Fig. S2B in the
supplemental material). This suggests that the neutral pH sam-
ples also have potential as effective sources for isolation of
unknown bacteria that require high levels of CO,, although an
effective selective isolation method needs to be developed.

The successful isolation of taxonomically distinct bacterial
strains from conventional samples reinforces the hypothesis
that some microorganisms remain unidentified since they are
dependent on high CO, levels. This in turn suggests that cul-
tivation upon feeding CO, may become an effective method to
isolate new microorganisms. The frequent occurrence of bac-
teria dependent on high CO, levels in the alkaline samples may
be due to the high solubility of inorganic carbon in alkaline pH.
Alkaline environments could be a favorable niche for micro-
organisms dependent on high CO, levels.

The requirement for an atmosphere with high levels of CO,
is known to be a phenotype of carbonic anhydrase (enzyme
catalyzing interconversion between CO, and bicarbonate) (EC
4.2.1.1) knockout mutants of some microorganisms such as
Ralstonia eutropha (11), Escherichia coli (10, 13), Corynebacte-
rium glutamicum (14), and Saccharomyces cerevisiae (1). These
mutants are unable to grow under ambient air but grow under
an atmosphere with high levels of CO,. Carbonic anhydrase is
probably involved in the acquisition of bicarbonate in nonpho-
totrophic microorganisms. Strains that retain carbonic anhy-
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TABLE 1. Phylogenetic characteristics of the isolates
. Total  Colony Closest cultured relative Closest GenBank relative
Represen- Accession "o appear- Class Similarit Species. strai 1 Similarit
tative strain no. isolates  ance? Species or strain (accession no.) 1rr(1}70a)r 1y pec(lzz’czsrs?grll’ r?;; one 1rr(1}70a)r 1y
Alkaline pH
isolates
YT1101  AB362828 2 T Bacilli Paenibacillus alkaliterrae 91.8  Uncultured synthetic 93.1
KSL-134 (AY960748) wastewater bacterium
tmbr11-6 (AF30981)
YT0311  AB362830 T Bacilli Virgibacillus carmonensis 92.8  Virgibacillus carmonensis 92.8
(AJ316302) (AJ316302)
YT0039  AB362823 2> T Bacilli Paenibacillus campinasensis 93.5  Paenibacillus sp. strain MB 94.6
(AB073187) 2039 (AY257871)
YT0003  AB362821 1¢ T Bacilli Paenibacillus curdlanolyticus ~ 95.4  Paenibacillus curdlanolyticus ~ 95.4
(AB073202) (AB073202)
YT0011  AB362822 2 T Bacilli Paenibacillus agaridevorans 95.9  Paenibacillus sp. strain 96.1
(AJ345023) DSM 6358 (AJ345018)
YTO0095  AB362825 2> W, s Alphaproteobacteria  Paracoccus versutus 96.4  Uncultured alpha 97.9
(AY014175) proteobacterium clone
MTAF47 (AJ619069)
YT0001  AB362827 4 T Bacilli “Paenibacillus thailandensis”  96.6  “Paenibacillus thailandensis”  96.6
(AB265205) (AB265205)
YT0099  AB362826 1¢ T Betaproteobacteria Leptothrix discophora 96.6  Uncultured Aquabacterium 98.9
(L33974) sp. clone J-21
(AF522998)
YT0315  AB362832 2 Y, ¢ Bacilli Geobacillus 97.3  Uncultured compost 97.5
thermoglucosidasius bacterium clone 0B15
MH403 (DQ350831) (DQ345468)
YT0164  AB376080 2 G Bacilli Geobacillus 97.9  Uncultured compost 98.1
thermoglucosidasius bacterium clone 0B15
MH403 (DQ350831) (DQ345468)
YT0027  AB362829 2 Y Bacilli Bacillus halmapalus DSM 97.9  Bacillus sp. strain KSM- 98.7
8723 (X76447) KP43 (AB055093)
YT0042  AB362831 1 Bacilli Bacillus massiliensis 97.9  Bacillus massiliensis 97.9
(DQ350816) (DQ350816)
YT0047  AB376087 1 LY  Actinobacteria Yonghaparkia alkaliphila 98.3  Yonghaparkia alkaliphila 98.3
KSL-133 (DQ256088) KSL-133 (DQ256088)
YT0066  AB376081 11 Actinobacteria Microbacterium schleiferi 98.4  Microbacterium sp. strain 99.7
(Y17237) KV-483 (AB234026)
YT0620  AB376082 3 Y, ¢ Actinobacteria Microbacterium aurum 98.5  Microbacterium sp. strain 99.4
(Y17229) KV-492 (AB234028)
YT0611  AB376083 1 Actinobacteria Microbacterium schleiferi 98.5  Microbacterium sp. strain 99.5
(Y17237) R1 (AY974047)
YT0147  AB376084 2 T Bacilli Paenibacillus daejeonensis 98.8  Uncultured bacterium clone ~ 98.9
(AF290916) AKIW499 (DQ129244)
YT0045  AB376085 8 LY  Actinobacteria Yonghaparkia alkaliphila 99.1  Gram-positive bacterium 99.5
KSL-133 (DQ256088) strain 12-8 (AB008510)
YT0006  AB376086 29 LY  Actinobacteria Yonghaparkia alkaliphila 99.6  Yonghaparkia alkaliphila 99.6
KSL-133 (DQ256088) KSL-133 (DQ256088)
Neutral pH
isolates
YT0021  AB362776 2 LY  Sphingobacteria Niastella yeongjuensis 91 Uncultured lake bacterium 91.5
(DQ244076) $10.23 (AY752132)
YT0325  AB362779 1 T Gammaproteobacteria Tolumonas auensis 93.9  Tolumonas auensis 93.9
(X92889) (X92889)
YT0023  AB362777 2 W Alphaproteobacteria  Agrobacterium vitis 95.3  Agrobacterium vitis 95.3
(AB118158) (AB118158)
YT0017  AB376088 1¢ LY  Betaproteobacteria Pseudomonas saccharophila 97 Antarctic bacterium strain 98
(AF368755) R-8875 (AJ440994)
YTO0136  AB362778 1 Y Alphaproteobacteria  Sphingomonas subterranea 97.7  Uncultured bacterium clone  99.2

(AB025014)

BY14 (DQ494790)

“ T, transparent; W, white; Y, yellow; LY, light yellow; B, brown; s, shiny; ¢, creamy.
® These strains lost clear dependence on high CO, after successive cultivation.
¢ This strain did not recover from freezing storage at —80°C.

drase can generate sufficient bicarbonate for growth from en-
vironmental CO, by catalytic conversion and supply it to
bicarbonate-dependent enzymes such as phosphoenolpyruvate
carboxylase and acetyl-coenzyme A carboxylase; hence, they

can grow even under ambient air that contains low levels of
CO, (0.035%). On the other hand, microbial strains lacking
this enzyme do not initiate growth unless they are supplied
with a high concentration of bicarbonate; hence, they cannot
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grow under ambient air but can grow under an atmosphere
with high levels of CO, by utilizing the bicarbonate that is
generated to maintain natural equilibrium.

Recently, we showed, by cocultivation with Bacillus subtilis,
that an E. coli carbonic anhydrase mutant grew under ambient
air, probably due to the CO,/bicarbonate generated by the
growth of B. subtilis (24). This suggests that bacteria dependent
on high CO, levels can grow in commensal situations in the
natural environment despite lacking carbonic anhydrase. This
hypothesis is reinforced by our observation that none of the
isolates obtained in this study exhibited carbonic anhydrase
activity in an activity staining assay (15) (data not shown).
Currently, however, we should be careful about the negative
correlation between the occurrence of microorganisms depen-
dent on high CO, levels and the presence of carbonic anhy-
drase. This conventional enzyme assay may not be sufficiently
sensitive to detect weak activities although the activity staining
successfully detected E. coli carbonic anhydrase activity with a
high intensity. In addition, we observed that the growth of the
isolates under ambient air was not restored by the addition of
palmitic acid, arginine, and uracil, which are known products
of bicarbonate-dependent metabolism (data not shown). This
is inconsistent with the knowledge that supplying these sub-
stances partially restores the growth of a carbonic anhydrase
mutant of S. cerevisiae under ambient air (1).

Another possibility is that high levels of CO, serve as a signal
that stimulates the germination of spores or the propagation of
dormant cells. It is known that, at high levels, CO, induces
spore germination in Clostridium botulinum (25) and Strepto-
myces viridochromogenes (9) spp. High levels of CO, can be an
indicator of nutrition content; hence, it is reasonable for mi-
crobial cells to break their dormant state and initiate prolifer-
ation upon sensing high levels of CO,. In this case, an atmo-
sphere with high levels of CO, may need to be supplied for
their isolation but not for cultivation after isolation. Actually,
we observed that some isolates lost their dependence on high
levels of CO, during successive cultivations (corresponding to
the three species indicated in Table 1). Such isolates, however,
may also be unknown strains since their isolation is difficult
unless the screening culture is cultivated under an atmosphere
with high levels of CO,. A detailed understanding of the rea-
son underlying the high-CO, requirement may help in devel-
oping culture techniques for the mining of new microorgan-
isms.
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