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The enzyme responsible for carbon dioxide fixation in the Calvin cycle, ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO), is always detected as a phylogenetic marker to analyze the distribution and activity of autotrophic bacteria. However,
such an approach provides no indication as to the significance of genomic content and organization. Horizontal transfers of
RubisCO genes occurring in eubacteria and plastids may seriously affect the credibility of this approach. Here, we presented a
new method to analyze the diversity and genomic content of RubisCO genes in acid mine drainage (AMD). A metagenome mi-
croarray containing 7,776 large-insertion fosmids was constructed to quickly screen genome fragments containing RubisCO
form I large-subunit genes (cbbL). Forty-six cbbL-containing fosmids were detected, and six fosmids were fully sequenced. To
evaluate the reliability of the metagenome microarray and understand the microbial community in AMD, the diversities of cbbL
and the 16S rRNA gene were analyzed. Fosmid sequences revealed that the form I RubisCO gene cluster could be subdivided into
form IA and IB RubisCO gene clusters in AMD, because of significant divergences in molecular phylogenetics and conservative
genomic organization. Interestingly, the form I RubisCO gene cluster coexisted with the form II RubisCO gene cluster in one
fosmid genomic fragment. Phylogenetic analyses revealed that horizontal transfers of RubisCO genes may occur widely in AMD,
which makes the evolutionary history of RubisCO difficult to reconcile with organismal phylogeny.

The Calvin-Benson-Bassham cycle is the major and most
abundant pathway for inorganic carbon fixation (1). In the

Calvin cycle, the ribulose-1,5-biphosphate carboxylase/oxy-
genase (RubisCO), the enzyme responsible for the first rate-lim-
iting step in CO2 fixation (2), is one of the most important en-
zymes. RubisCO is a bifunctional enzyme that controls the
reduction of CO2 and the oxygenolysis of ribulose-1,5-bispho-
phate (3). The enzyme exists in multiple natural forms in many evo-
lutionarily diverse organisms from all domains of life. RubisCO is a
well-studied enzyme because of its essential capacity as the mecha-
nism of primary production in nearly all ecosystems (4–6).

In Bacteria, two forms of RubisCO (forms I and II), sharing
25% to 30% amino acid similarity, are currently recognized (7).
Form I RubisCO is a hexadecamer with eight large and eight small
subunits (L8S8) and occurs in photo- and chemoautotrophic or-
ganisms. Form II protein consists only of large subunits (Ln). It is
assumed that the common ancestor of RubisCO is similar to form
II RubisCO because it operates successfully under conditions of
low O2 and high CO2 concentrations, which are similar to the
conditions that existed in the early earth atmosphere (3, 8). In
addition to the above-mentioned two forms, form III RubisCO
was discovered in some members of Archaea (9, 10). In addition,
form IV RubisCO lacks several of the required amino acid residues
for the catalytic activity of RubisCO, and is designated a RubisCO-
like protein, although it is not involved in the Calvin cycle. It has
been discovered in Bacillus subtilis (11), Archaeoglobus fulgidus
(10), and Chlorobium tepidum (12).

Because of its functional significance and well-known charac-
teristics, the RubisCO genes have been frequently used as a phy-
logenetic marker to detect autotrophic populations in situ. How-
ever, many previous studies have reported the discrepancy
between phylogenies based on the RubisCO gene and those based
on other genes (13, 14). Meanwhile, such an approach provides no
indication as to what other genetic factors might be provided in

phylogenetics. In fact, the knowledge of genetic content and orga-
nization is an important basis for analysis of the diversity and
evolutionary history of RubisCO genes.

Acid mine drainage (AMD) is the outflow of acidic water from
metal or coal mines, which causes worldwide environmental
problems that arise largely from microbial activity (15). Since
AMD is extremely acidic (pH � 2.0), metal rich, and inhospitable,
microorganisms in AMD are usually chemoautotrophic bacteria.
Few microorganisms in AMD have been isolated and described
(16), since there is no effective isolation method. Here, we focused
on an AMD biofilm growing on the surface within a chalcopyrite
ore body from Dexing Copper Mine, China. Metagenomic clon-
ing and microarray were introduced to screen and identify the
organization and diversity of genes in the region surrounding the
RubisCO genes in the AMD community.

MATERIALS AND METHODS
Sample collection, metagenomic library, and microarray construction.
To obtain AMD microbial biofilm, the samples were filtered through a
0.2-�m-pore-size nylon membrane filter. The environmental DNA was
extracted as described previously (17). A fosmid library containing a met-
agenome from AMD was constructed using a CopyControl fosmid library
production kit (Epicentre, Madison, WI) according to the manufacturer’s
protocol. The collection of the library contained a total of 7,776 large-
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insertion clones. A metagenome microarray was constructed as described
previously (18). Each clone was incubated in a shaking incubator at 37°C
and 170 rpm in the presence of chloramphenicol (12.5 �g/ml) and an
inducer (1 �l/ml) (Epicentre). Cells were harvested the next day, and the
fosmid DNA was extracted using a QIAprep Spin Miniprep kit (Qiagen,
Germany) according to the manufacturer’s protocol. The fosmid DNAs
were stored in a final concentration of 40 ng/�l. A 10-�l fosmid DNA
sample was transferred to a 384-well microplate, and the DNA samples
were diluted 1:1 (vol/vol) with the 40% dimethyl sulfoxide (Sigma). The
fosmid DNA samples were arrayed on the glass slide using a Genema-
chines OmniGrid Accent microarrayer (Genomic Solutions). The glass
slide was immersed in boiling water for 5 min, and then immersed in
anhydrous ethanol to melt DNA chains (19). In addition, the following
controls were spotted to check hybridization, printing, and data analysis:
(i) environmental DNA as positive controls, (ii) quantitative and negative
controls with Escherichia coli genomic DNA, and (iii) blanks.

RubisCO gene amplification, metagenome microarray hybridiza-
tion, sequencing, and assembly. The form I RubisCO large-subunit gene
(cbbL) was PCR amplified from environmental DNA extracts with uni-
versal primers Rub3_F (5=-GTGCCAGACGTGGATACCG-3=) and
Rub3_R (5=-CAACAGCCAGCCCTTCAT-3=). Amplification was per-
formed in 50-�l reaction mixtures containing 25 �l of universal Taq PCR
Master Mix (Tiangen Biotech, China), 1 �l of template DNA, 1 �l each of
10 �M forward and reverse primers, and 22 �l of deionized water. The
PCR conditions for amplification were as follows: 94°C for 3 min, then 32
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s, followed by a final
extension at 72°C for 10 min. PCR products were purified using a
QIAquick PCR purification kit (Qiagen, Germany).

PCR products were labeled using a Bioprime DNA labeling kit (Invit-
rogen, Carlsbad, CA) according to the manufacturer’s protocol. Then, the
labeled probes were purified using a QIAquick PCR purification kit (Qia-
gen, Germany), concentrated into crystallization in a Spendvac, and then
resuspended in 20 �l of deionized water. Labeled probes were mixed with
hybridization solution. Each microarray hybridization solution contained
20 �l of labeled DNA, 65 �l of formamide (50% [vol/vol]), 19.5 �l of 20�
SSC (1� SSC is 150 mM NaCl and 15 mM trisodium citrate), 3.9 �l of
10% sodium dodecyl sulfate (SDS), 9.1 �l of herring sperm DNA (Pro-
mega, Madison, WI) (10 mg/ml), and 1.1 �l of DTT (dithiothreitol; 0.1
M) in a total volume of 130 �l. The hybridization solution was incubated
at 98°C for 3 min, and then kept at 65°C. The hybridization was performed
at 50°C using a HS4800 Pro hybridization station (Tecan, Switzerland).
After hybridization, the microarray was scanned using a GenePix 4100A

microarray scanner (Axon). The data were analyzed as described previ-
ously (20), and each deduced positive clone was tested using PCR ampli-
fication and sequenced.

Six of the desired clones were chosen for further analysis. Fosmid DNA
was individually isolated using a QIAprep Spin Miniprep kit (Qiagen),
and pyrosequenced (Roche 454 GS FLX system; Majorbio, China). For the
sequencing process, fosmid DNA fragments were tagged individually with
a unique 10-base sequence that is recognized by the analysis software. The
average length of reads was 402 bp, and each fosmid had �1.2 Mb of DNA
data (about 20% of them belonged to the cloning vector). Assembly was
performed with the program Newbler (21). All the fosmids were assem-
bled in one single contig (Table 1).

Annotation and analysis of genome fragments. Protein-coding genes
were predicted individually using GLIMMER (22) and the RAST server
(23), and were further manually curated. Each predicted gene was subse-
quently searched against the nonredundant NCBI database (http://www
.ncbi.nlm.nih.gov/), KEGG database (http://www.genome.jp/kegg/), and
COG database (http://www.childrensoncologygroup.org/) using BLAST
to ensure that the annotation was consistent. The other unassigned open
reading frames (ORFs) were searched using the hmmpfam program of the
HMMER package (24). The hidden Markov models for the protein do-
mains were obtained from the Pfam 26.0 database (http://pfam.sanger.ac
.uk/). For comparative analysis, BLASTN and BLASTX searches among
fosmids and different bacterial genomic islands were carried out, leading
to the identification of regions of similarity. To allow the interactive visu-
alization of genomic fragment comparisons, we used the Artemis Com-
parison Tool (25).

16S rRNA and cbbL gene amplification. 16S rRNA gene sequences
were PCR amplified from environmental DNA extracts with the bacteri-
um-specific primer set 27F (5=-AGAGTTTGATCCTGGCTCAG-3=) and
1492R (5=-TACCTTGTTACGACTT-3=) (15). Amplification was per-
formed in 50-�l reaction mixtures containing 25 �l of universal Taq PCR
Master Mix (Tiangen Biotech, China), 1 �l of DNA extracts, 1 �l each of
10 �M forward and reverse primers, and 22 �l of deionized water. The
PCR conditions for amplification were as follows: 94°C for 5 min, then 32
cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 1 min, followed by a final
extension at 72°C for 10 min. Amplification of cbbL sequences from the
same environmental DNA extracts was performed as mentioned above.

Clone library construction and sequencing. PCR products of the 16S
rRNA and cbbL genes were visualized on 1.5% agarose gels in 1� Tris-
acetate-EDTA (TAE) buffer and purified directly with a QIAquick PCR
purification kit (Qiagen, Germany). Purified PCR products of 16S rRNA

TABLE 1 Main features and RubisCO-associated cluster present in the analyzed fosmids

Fosmid
Length
(bp)

%GC
content

Coverage
(�) RubisCO-associated genes and characteristicsa

DX-8J-22 32,275 58.37 37 CbbR: A. ferrooxidans ATCC 23270, 99%; CbbL: A. ferrooxidans ATCC 23270, 100%; CbbS: A.
ferrooxidans ATCC 23270, 100%; CsoS2: A. ferrooxidans ATCC 53993, 99%; CsoS3: A. ferrooxidans
ATCC 23270, 100%; CscA: A. ferrooxidans ATCC 23270, 100%; CscB: A. ferrooxidans ATCC 23270,
100%; CscD: A. ferrooxidans ATCC 23270, 98%; CscE: A. ferrooxidans ATCC 23270, 100%; CbbQ: A.
ferrooxidans ATCC 23270, 100%; CbbO: A. ferrooxidans ATCC 23270, 100%

DX-4H-17 37,399 64.53 32 CbbR: Beggiatoa sp. PS, 53%; CbbL: Acidithiomicrobium sp. P2, 90%; CbbS: A. ferrivorans SS3, 69%;
CsoS2: H. neapolitanus c2, 45%; CsoS3: H. neapolitanus c2, 58%; CscA: T. denitrificans ATCC 25259,
86%; CscB: A. ferrivorans SS3, 74%; CscE: A. caldus ATCC 51756, 95%; CscD: A. ferrivorans SS3, 88%;
CbbO: A. caldus ATCC 51756, 64%

DX-4K-26 31,477 61.01 38 CbbR: A. ferrivorans SS3, 78%; CbbL: A. ferrivorans SS3, 93%; CbbS: A. ferrivorans SS3, 90%; CsoS2: A.
ferrivorans SS3, 56%; CsoS3: A. ferrivorans SS3, 57%

DX-1A-14 32,546 64.00 36 CbbR: Beggiatoa sp. PS, 53%; CbbL: Acidithiomicrobium sp. P2, 90%; CbbS: A. ferrivorans SS3, 69%;
CsoS2: H. neapolitanus c2, 45%; CsoS3: H. neapolitanus c2, 58%

DX-3D-09 32,174 66.73 37 CbbM: L. cholodnii SP-6, 90%; CbbQ: L. cholodnii SP-6, 82%; CbbO: L. cholodnii SP-6, 69%; CbbL: A.
ferrooxidans, 92%; CbbS: T. denitrificans ATCC 25259, 89%; CbbQ: C. metallidurans CH34, 91%;
CbbO: T. denitrificans ATCC 25259, 80%

DX-7F-24 40,978 65.85 30 CbbM: L. cholodnii SP-6, 90%; CbbQ: L. cholodnii SP-6, 83%; CbbO: L. cholodnii SP-6, 70%
a Subunit present, closest strain hit, and percent similarity are shown.
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and cbbL genes were ligated into vector pGM-T (Tiangen Biotech, China)
and transformed into competent E. coli DH5� according to the manufac-
turer’s protocol. Plasmids from the 16S rRNA gene and cbbL libraries were
subsequently extracted using a Tianprep miniplasmid kit (Tiangen Bio-
tech, China). Clones containing 16S rRNA and putative cbbL genes were
screened by restriction fragment length polymorphism (RFLP) with MspI
and Hin6 I restriction endonucleases (MBI Fermentas). Restriction frag-
ments were analyzed in 3% (wt/vol) agarose gels in 1� TAE buffer. Se-
lected unique plasmids were sequenced bidirectionally with the vector-
specific primers SP6 reverse and T7 promoter. Sequences were edited
manually with the DNAstar package (Madison, WI).

Phylogenetic analysis. Phylogenetic analysis of 16S rRNA and cbbL
gene sequences was performed on sequences screened from 16S rRNA
gene and cbbL libraries, and representatives from metagenome microar-
rays (see Fig. 2 and 3). 16S rRNA gene sequences were aligned with se-
quences from the GenBank database with the CLUSTAL program (26),
and phylogenetic trees were constructed by the use of Molecular Evolu-
tionary Genetics Analysis 4.0 software (MEGA, version 4.0) (27). De-
duced amino acid sequences for cbbL clones and representatives of 46
cbbL-containing fosmids were aligned with known sequences from the
GenBank database with the CLUSTAL program (26), and cbbL gene trees
were also constructed by using MEGA 4.0 (27).

Nucleotide sequence accession numbers. Sequences determined and
annotated in this study are available in GenBank under accession numbers
JQ815894 to JQ815896 and JX308284 to JX308286. The incomplete cbbL
sequences in GenBank have been compiled under accession numbers
JX297619 to JX297625 and JQ815897 to JQ815942, and 16S rRNA gene
sequences have been compiled under accession numbers JX297607 to
JX297618.

RESULTS
Metagenomic library and metagenome microarray hybridiza-
tion. Samples were collected from AMD in Dexing Copper Mine,
China. The environmental DNA was extracted and used to con-
struct a fosmid library. The library collection contained in total
7,776 large-insertion clones. The genomic fragments cloned in the
fosmids had a size of between 30 and 45 kb.

To quickly screen RubisCO genes from the metagenomic li-
brary, we constructed a metagenome microarray using the fosmid
library. After hybridization and checking by PCR amplification,
46 cbbL-containing fosmids were screened out. And we fully se-
quenced six fosmids that were selected from the 46 cbbL-contain-
ing fosmids. All of the six fosmids showed evidence of coding
either a form I or form II RubisCO large subunit. The genomic
fragments in the fosmids had a size between 31.4 and 40.9 kb, and
all could be assembled in one single contig (Table 1). The total
annotations of six genomic fragments are presented in the supple-
mental material.

RubisCO genes in the fosmids. The most interesting genomic
fragment was found in fosmid DX-3D-09, in which we identified
two RubisCO clusters, one belonging to form I and the other
belonging to form II (Fig. 1). The subunits CbbL and CbbS are
essential for the catalytic activity of the enzyme in form I RubisCO,
while CbbM is the sole catalytic subunit in the form II RubisCO
enzyme. The catalytic subunit cbbM was complete, as this fosmid
contained complete subunits cbbL and cbbS. In addition to this
fosmid, complete subunits cbbL and cbbS were also identified in
DX-8J-22, DX-4H-17, DX-4K-26, and DX-1A-14, while subunit
cbbM was also found in DX-7F-24. In all six of the fosmids, addi-
tional subunits in the RubisCO gene cluster were identified, pro-
viding more reliable evidence of the presence of a functional
RubisCO enzyme.

Form I RubisCO. Among the six fosmids, five ORFs were iden-
tified as form I large-subunit cbbL from the identification of the
conserved catalytic sequence motif KDDE (28) and the small-
subunit cbbS located in the immediate downstream region, pro-
viding more evidence to distinguish cbbL from cbbM. Comparing
RubisCO gene clusters in the six fosmids with different bacterial
genomic islands, we could subdivide genes in the form I RubisCO
gene cluster into two types: (i) the form IA RubisCO gene cluster
and (ii) the form IB RubisCO gene cluster (Fig. 1). Both forms
contained catalytic subunits cbbL and cbbS. The form IA RubisCO
gene cluster harbored subunits cbbQ and cbbO that are believed to
be required in the processes of regulation and posttranslational
modification of the RubisCO enzyme (29). The genomic organi-
zation of the form IA RubisCO gene cluster is L¡S¡Q¡O. The
organization is rather conservative in different organisms. The
organization of the form IB RubisCO gene cluster is significantly
different from that of the form IA RubisCO gene cluster. Although
accessory subunits cbbQ and cbbO may also occur in form IB
RubisCO gene clusters, genes encoding the carboxysome are in-
serted between catalytic subunits cbbLS and accessory subunits
cbbQ and cbbO (Fig. 1). This is the most conspicuous difference
between form IA and IB RubisCO gene clusters.

Form IA gene cluster. The only representative of the form IA
RubisCO gene cluster was found in fosmid DX-3D-09 (Fig. 1). It
shows high overall similarity to other known form IA RubisCO
gene clusters. The large-subunit CbbL encoded by fosmid DX-
3D-09 has its best hit within Betaproteobacteria, and it is very
(93%) similar to the CbbL found in Thiobacillus denitrificans. In
addition, the organization of cbbS, cbbQ, and cbbO genes associ-
ated with this cbbL gene is L¡S¡Q¡O, typical of the form IA
RubisCO gene cluster. The subunits CbbS, CbbQ, and CbbO have
their best hits within Betaproteobacteria. These subunits showed
highest similarities with Thiobacillus denitrificans ATCC 25259
(89%), Cupriavidus metallidurans CH34 (91%), and Thiobacillus
denitrificans ATCC 25259 (80%), respectively (Table 1). The or-
ganization of the form I RubisCO gene cluster in fosmid DX-
3D-09 is very similar to that of Thiobacillus denitrificans ATCC
25259, but the overall organization of fosmid DX-3D-09 is most
like that of Cupriavidus metallidurans, a strain within the class
Betaproteobacteria. Interestingly, the same fosmid contains an-
other cluster of RubisCO genes with a form II large-subunit cbbM
(see below).

Form IB gene cluster. Among the other fosmids, four fosmids
(DX-1A-14, DX-4H-17, DX-4K-26, and DX-8J-22) contained the
form IB RubisCO gene cluster. In the four fosmids, a gene encod-
ing transcriptional regulator CbbR (30) was located in the imme-
diate upstream of cbbL in a divergent orientation. The CbbL pro-
tein encoded by fosmid DX-4H-17 (see Table S2 in the
supplemental material) has its best hit within Actinobacteria, and
it is most (90%) similar to Acidithiomicrobium sp. In the form IB
RubisCO gene cluster of fosmid DX-4H-17, the subunit cbbR has
its best hit with Beggiatoa sp. PS (53%), cbbS has its best hit with
Acidithiobacillus ferrivorans SS3 (69%), and cbbO has its best hit
with Acidithiobacillus caldus ATCC 51756 (64%) (Table 1). How-
ever, the above-mentioned three bacteria are within the class
Gammaproteobacteria. In addition, we could not find the subunit
cbbQ in the surrounding region of the form IB RubisCO gene
cluster, but a 6-ORF operon encoding carboxysome proteins was
identified in the immediate downstream of cbbLS (Fig. 1). In Aci-
dithiobacillus ferrooxidans ATCC 23270 (31) and Synechococcus sp.
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WH 8102, the RubisCO cluster is located near genes related to the
carboxysome (32). In the 6-ORF operon, all of genes are oriented
in the direction that is congruent with cbbLS. The gene csoS2 is
thought to encode a carboxysome shell protein with a high mo-
lecular weight. csoS3, a gene encoding carbonic anhydrase, was
immediately downstream of csoS2. Carbonic anhydrase is seques-
tered with the RubisCO enzyme in the carboxysome to convert
bicarbonate to the RubisCO substrate CO2, as it enters the micro-
compartment from the cytosol (33). The four remaining genes
(cscA, cscB, cscD, and cscE) were shown to encode proteins that are
components of the carboxysome shell. All 6 of the genes have their
best hits within Gammaproteobacteria. The closest strain hits for
the 6 genes are summarized in Table 1. The overall organization of
fosmid DX-4H-17 has the highest similarity hits to the genomic
island of Acidithiobacillus caldus SM-1. As for fosmid DX-8J-22,
all genes, including those encoding RubisCO enzymes, are highly
similar to those of Acidithiobacillus ferrooxidans (see Table S1 in

the supplemental material), and the overall organization of the
genes is identical to that of Acidithiobacillus ferrooxidans. So, there
is no doubt that the genomic fragment cloned in fosmid DX-8J-22
belongs to Acidithiobacillus ferrooxidans.

The remaining fosmids DX-4K-26 and DX-1A-14 had trun-
cated form IB RubisCO gene clusters. Given the conservative ar-
rangement of carboxysome genes (34), it is possible that a com-
plete operon encoding carboxysome is located in the immediate
downstream of cbbLS in the organisms to which these fosmid se-
quences belong. Fosmid DX-4K-26 contained the subunits cbbR,
cbbL, cbbS, and csoS2 (Fig. 1). All of the subunits are most similar
to Acidithiobacillus ferrivorans SS3 within the class Gammaproteo-
bacteria. However, the other genes in the further upstream region
of these subunits have their best hits within Betaproteobacteria (see
Table S3 in the supplemental material). Although none of the
individual gene products were most similar to those of Sideroxy-
dans lithotrophicus, the overall organization of genes in fosmid

FIG 1 Genes and similarity comparison of environmental fosmids from the AMD metagenomic library containing RubisCO genes. RubisCO cluster genes are
highlighted in different shades. Specific additional genes mentioned in the text are also indicated. The two closest genome fragments of cultivated microbes
Acidithiobacillus ferrooxidans ATCC 23270 and Leptothrix cholodnii SP-6 are also shown.

Guo et al.

2022 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


DX-4K-26 is most like that of genes in Sideroxydans lithotrophicus
ES-1. The organization of the form IB RubisCO gene cluster in
fosmid DX-1A-14 is very similar to that of fosmid DX-4H-17.
Also, fosmid DX-1A-14 cbbL is most (90%) similar to Acidithio-
microbium sp. (see Table S4 in the supplemental material).

Form II RubisCO. Form II RubisCO genes were found in fos-
mid DX-3D-09 and DX-7F-24 (see Table S6). The form II
RubisCO gene clusters in the two fosmids contained subunits
cbbM, cbbQ, and cbbO oriented in the same direction. The three
subunits in the two fosmids are highly similar (Table 1). The
CbbM protein encoded by fosmid DX-3D-09 is 29% similar to
CbbL encoded by the same fosmid. CbbM has the conserved cat-
alytic sequence motif GGDFIKNDE, which differentiates form II
RubisCO from other members of the RubisCO superfamily (in-
cluding form I RubisCO) (35). The subunit genes cbbM, cbbQ, and
cbbO have their best hits with Leptothrix cholodnii SP-6 (90%,
82%, and 69%, respectively) (see Table S5). Aligning the CbbQ
and CbbO amino acid sequences of form I and II RubisCO clusters
in fosmid DX-3D-09, respectively, we found that the two CbbQs
are 68% similar to each other and the two CbbOs are 40% similar
to each other. These results suggest that the cbbQ and cbbO genes

in the two clusters may have originated from horizontal gene
transfer rather than ancient gene duplication.

Phylogenetic analysis based on 16S rRNA gene and cbbL se-
quences. RubisCO genes substitute for 16S rRNA gene sequences
in determining phylogenetic relationships in many microbial
communities. To test this assertion and determine the phyloge-
netic affiliation in AMD, 16S rRNA gene sequence recovery was
compared with cbbL sequence recovery in the same sample. 16S
rRNA gene sequences were designated beginning with “AMD-
DX-,” followed by the clone number in the library. The cbbL se-
quences from cbbL clone library were designated beginning with
“DX-R,” followed by the clone number in the library, and the cbbL
sequences from metagenome microarray were designated begin-
ning with “AMD,” followed by the clone number in the meta-
genomic library (Fig. 2 and 3). The phylogenetic tree constructed
for cbbL sequences strongly conflicts with the 16S rRNA gene phy-
logenetic tree. According to the 16S rRNA gene phylogenetic tree,
16S rRNA genes of microorganisms in AMD could be assigned
into five bacterial lineages (Alpha-, Beta-, and Gammaproteobac-
teria, Actinobacteria, and Nitrospira) (Fig. 2). However, the cbbL
genes formed two phyletic groups based on the types of RubisCO

FIG 2 Phylogenetic analysis of 16S rRNA genes. A consensus tree was constructed by the distance (neighbor-joining), maximum-parsimony, and maximum-
likelihood methods. Clones obtained from the 16S rRNA clone library were designated DX-AMD-, followed by their number in the clone library. These sequences
are shown in bold. Numbers at the nodes indicate the percentage of bootstrap values in 1,000 replications.
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gene cluster. Some bacteria such as Acidithiobacillus ferrivorans
contain both form IA and IB RubisCO gene clusters, but the cbbL
genes in the two clusters were assigned into different phyletic
groups. Comparing the phylogenetic trees of the 16S rRNA gene
and cbbL, more incongruences were found. Nitrobacter winograd-
skyi Nb-255 belongs to the Alphaproteobacteria group in the 16S
rRNA gene phylogenetic tree, and Thiomonas intermedia K12 is a
member of the Betaproteobacteria, while they form a phyletic clus-
ter in the cbbL pylogenetic tree. On the other hand, Halorho-
dospira halophila and Halothiobacillus neapolitanus were assigned
into the Gammaproteobacteria group and were closely related to
each other in the 16S rRNA gene phylogenetic tree, but they were
separately divided into form IB and IA phyletic clusters in the cbbL
phylogenetic tree. Similar contradictions occurred between Thio-
bacillus denitrificans and Thiomonas intermedia. These results re-
vealed that the evolution of the cbbL gene obviously could not
reconcile with the organismal phylogeny in AMD.

Focusing on the distribution of cbbL sequences from the library

and metagenome microarray, we could find that each monophy-
letic group formed by experimental sequences contained cbbL se-
quences from both the cbbL library and the metagenome microar-
ray (Fig. 3). This suggested that the depth of the metagenomic
library is sufficient for analysis of RubisCO gene diversity in the
AMD environment.

DISCUSSION

The rapid screening of target genes from unculturable bacteria can
be achieved by the combination of the metagenomic library and
the microarray. Here, we report the first case of RubisCO-associ-
ated genomic fragments isolated from AMD using the meta-
genomic microarray. Six RubisCO genes containing genomic
fragments were obtained from microarray screening and sequenc-
ing. None of the genomic fragments, with the exception of DX-8J-
22, could be assigned into the known bacteria, but they showed the
diversity of RubisCO gene clusters in AMD.

Interestingly, two RubisCO gene clusters that separately code

FIG 3 Phylogenetic analysis of cbbL genes. A consensus tree was constructed by distance (neighbor-joining), maximum-parsimony, and maximum-likelihood
methods. Clones obtained from microarray hybridization were designated AMD, followed by their number in the fosmid library. Clones obtain from cbbL clone
library were designated DX-R, followed by their number in the clone library. DX-3D-09, DX-4H-17, and DX-4K-26 indicate the fully sequenced fosmids. These
sequences are shown in bold. Eight representatives of 46 cbbL gene sequences are presented in the phylogenetic tree. Numbers at the nodes indicate the percentage
of bootstrap values in 1,000 replications.
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for form I and II RubisCO were found in the same fosmid se-
quence. Previous studies suggested that form I RubisCO can fix
carbon dioxide at lower levels of CO2 and that form II RubisCO is
activated at higher levels of CO2 (36). The form I RubisCO gene
cluster was assigned into form IA and IB RubisCO gene clusters. A
primary divergence in the gene organization of the form IB
RubisCO gene clusters is the insertion of genes encoding carboxy-
some, which are lacking in form IA RubisCO gene clusters. Car-
boxysome is a polyhedral bacterial microcompartment that con-
tains the carbon-concentrating mechanism (CCM) (37). In
carboxysome, carbonic anhydrase catalyzes bicarbonate into CO2

in the vicinity of RubisCO to enhance CO2 fixation (34). These
results suggested that extremophiles in AMD can control carbon
dioxide fixation by various mechanisms, including regulation of
the expression of different gene clusters and improvement of the
CO2 concentration.

Previous work indicated that discrepancies occurred widely
between phylogenies based on RubisCO genes and those based on
16S rRNA genes, but the evidence was much weaker, providing no
indication as to the significance of genomic content and organi-
zation. The data from the genomic fragments presented here re-
vealed that phylogenetic conflicts occurred widely between the
cbbL genes and surrounding genomic fragments. Genes further
up- and downstream of the cbbL in fosmid DX-4H-17 showed
more congruence to Proteobacteria than to Actinobacteria, within
which the cbbL had the best hit. It is possible that these phyloge-
netic conflicts may result from horizontal gene transfer rather
than ancient gene duplication. In fact, extreme environmental
conditions such as AMD have a great effect on the occurrence of
horizontal gene transfer. The case of fosmid DX-4K-26 is slightly
different from those of the above-mentioned two fosmids. All
subunits encoded by the RubisCO gene cluster in fosmid DX-
4K-26 are most similar to those of Acidithiobacillus ferrivorans
SS3. However, it is not enough to determine that the genomic
fragment originates from A. ferrivorans SS3. Because all other
genes upstream of the RubisCO gene cluster have their best hits
within Betaproteobacteria, we deduced that the fragment belongs
to Betaproteobacteria. In fact, the RubisCO gene cluster may be
acquired by one horizontal gene transfer event. A similar phe-
nomenon occurring in Rhodobactercapsulatus has been reported
(38). These data revealed that horizontal transfers of RubisCO
genes may occur widely in AMD, which makes the RubisCO gene
cluster difficult to reconcile with further up- and downstream
genomic fragments. Besides, horizontal transfers of RubisCO
genes are significant in ecology, since they may change the micro-
bial carbon dioxide fixation ability, which contributes to niche
differentiation in AMD microbial communities.

The cbbL phylogenetic tree revealed the interesting phenome-
non that form IA and IB RubisCO gene clusters contain not only
the respective genomic organizations but also phylogenetic differ-
ences. Previous works showed that some bacteria such as Acidithi-
bacillus caldus ATCC 51756 (39) contain only the form IB
RubisCO gene cluster, some bacteria such as Cupriavidus metalli-
durans CH34 (40) harbor only the form IA RubisCO gene cluster,
and some bacteria such as Acidithiobacillus ferrooxidans ATCC
23270 (31) contain RubisCO gene clusters of both forms (41).
Nevertheless, cbbL genes preferentially form two phyletic groups
based on the forms of the gene cluster rather than on species in the
cbbL phylogenetic tree. Thus, we believe that the cbbL genes in
form IA and IB RubisCO gene clusters are significantly divergent

in molecular evolution and phylogenetics, though whether the
assertion is widely applicable in all organisms needs further phy-
logenetic analysis. Comparing the 16S rRNA gene phylogenetic
tree with the cbbL phylogenetic tree, many conflicts were found.
Some bacteria that are close in the 16S rRNA gene phylogenetic
tree, such as Thiobacillus denitrificans ATCC 25259 and Thiomo-
nas intermedia K12, were divided into form IA and IB phyletic
clusters, which suggested that they contain two different form I
RubisCO gene clusters, while some bacteria that are distant in the
16S rRNA gene phylogenetic tree form a cluster with a high boot-
strap value in the cbbL phylogenetic tree. This is strong evidence of
horizontal gene transfer of RubisCO genes. It is unreliable to study
the phylogeny based on cbbL sequences without the knowledge of
the genetic content and organization of the RubisCO gene cluster
in microbes.
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