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Soils were incubated for 80 days in a continuously labeled *CO, atmosphere to measure the amount of labeled C incorporated
into the microbial biomass. Microbial assimilation of '*C differed between soils and accounted for 0.12% to 0.59% of soil or-
ganic carbon (SOC). Assuming a terrestrial area of 1.4 X 10® km?, this represents a potential global sequestration of 0.6 to 4.9 Pg
Cyear™ . Estimated global C sequestration rates suggest a “missing sink” for carbon of between 2 and 3 Pg C year '. To deter-
mine whether "*CO, incorporation was mediated by autotrophic microorganisms, the diversity and abundance of CO,-fixing
bacteria and algae were investigated using clone library sequencing, terminal restriction fragment length polymorphism (T-
RFLP), and quantitative PCR (qPCR) of the ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO) gene (cbbL). Phyloge-
netic analysis showed that the dominant cbbL-containing bacteria were Azospirillum lipoferum, Rhodopseudomonas palustris,
Bradyrhizobium japonicum, Ralstonia eutropha, and cbbL-containing chromophytic algae of the genera Xanthophyta and Bacil-
lariophyta. Multivariate analyses of T-RFLP profiles revealed significant differences in cbbL-containing microbial communities
between soils. Differences in cbbL gene diversity were shown to be correlated with differences in SOC content. Bacterial and algal
cbbL gene abundances were between 10° and 10% and 10> to 10° copies g~ ' soil, respectively. Bacterial cbbL abundance was shown
to be positively correlated with RubisCO activity (r = 0.853; P < 0.05), and both cbbL abundance and RubisCO activity were sig-

nificantly related to the synthesis rates of ["*C]SOC (r = 0.967 and 0.946, respectively; P < 0.01). These data offer new insights
into the importance of microbial autotrophy in terrestrial C cycling.

lobal warming in the last 100 years is believed to be closely

associated with increases in the concentration of atmospheric
CO,, due primarily to the increased use of fossil fuels since the
industrial revolution (26). Terrestrial ecosystems have been rec-
ognized as major sinks for global CO, emissions and are of signif-
icant interest because of their potential to mitigate atmospheric
CO, (17). It has been estimated that the soil C pool is about twice
as large as the atmospheric pool (6). The Calvin-Benson-Bassham
cycle is the major and most widely distributed pathway for CO,
fixation. In terrestrial ecosystems, the Calvin cycle is found in
diverse organisms, from bacteria and algae to green plants (35).
Ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO)
catalyzes the first, rate-limiting step in the Calvin cycle that en-
ables 10” Pg of inorganic atmospheric CO, to be converted into
organic cellular constituents every year (34). RubisCO is central to
primary productivity on land and in the oceans and has been well
characterized in aquatic environments and in plant and pure cul-
tured microorganisms (15). However, microbial autotrophs can
be difficult to culture, and relatively few studies have reported on
RubisCO activities in soils.

RubisCO is found in four forms (I, I, III, and IV) with each
form having a different structure, catalytic activity, and O, sensi-
tivity (35). Form I RubisCOs are composed of four large subunit
dimers containing catalytically active amino acid residues, as well
as eight additional small subunits. Form IT RubisCOs exist only in
certain photosynthetic bacteria and in peridinin-containing dino-
flagellates. In addition to forms I and II, there are two groups of
structurally related proteins that have been designated form III
and form IV RubisCOs that consist only of large subunits and lack
several of the key active-site residues necessary for the carboxyla-
tion of ribulose 1,5-bisphosphate (RuBP) (10). Of the different
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forms, form I RubisCOs are thought to predominate in soils and
are found in plants, algae, cyanobacteria, and autotrophic bacteria
(38). The key active-site residue in the large subunit of form I
RubisCO is encoded by the cbbL gene (16). Phylogenetic studies
on the cbbL gene sequences have shown that cbbL genes encoding
form I RubisCO can be further assigned to one of four clades, IA to
ID (27, 35). These clades encompass the obligate autotrophic bac-
teria, including some marine cyanobacteria (Synechococcus and
Prochlorococcus) (form IA RubisCO), the facultative autotrophic
bacteria (form IC), green plants, green algae, and some cyanobac-
terial sequences (form IB), and the chromophytic algae (form ID
35). As such, RubisCO form I-encoding cbbL genes have been used
as functional markers for molecular ecological studies of CO, as-
similative autotrophs in aquatic systems (27). However, the ge-
netic diversity of CO, fixation in soil microbial autotrophs has not
been studied in any detail (32, 33).

Autotrophic microorganisms and macroalgae are known to
contribute significantly to CO, assimilation in aquatic systems
such as the oceans and wetlands (31) but have not generally been
thought to have a key role in CO, fixation and sequestration in
soils. This is despite the fact that microbial autotrophs have been
reported in a number of soil studies. O’Donnell et al. (24), work-
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TABLE 1 Characteristics of the paddy and upland soils used in this study

Microbial Autotrophy and Soil Carbon

Soil” Site/position Soil type pH CEC (mol kg™ ") Clay content (%) SOC (gkg™") Total N (gkg™")
P1 113°11'E, 28°8'N Fluvisol 5.2 6.2 25.0 15.9 1.56
P2 113°11'E, 28°8'N Fluvisol 4.7 7.2 11.3 14.8 1.64
P3 111°31'E, 29°13'N Ultisol 5.1 12.2 11.5 17.9 1.74
U1l 113°3'E, 28°12'N Fluvisol 6.0 11.9 34.1 16.9 1.88
U2 113°5'E, 28°12'N Ultisol 4.6 10.3 41.6 9.07 1.19
U3 111°31'E, 29°13'N Ultisol 5.2 11.5 43.9 5.63 0.76

%P1, P2, and P3 were paddy soils, and U1, U2, and U3 were upland soils.

ing with soil and compost isolates, have shown that certain acti-
nomycetes, predominantly Streptomyces, can grow on carbon
monoxide as their sole carbon source by first oxidizing CO to CO,
and then fixing CO, using RubisCO and phosphoribulose kinase
(2). Other studies have shown that microbial autotrophy is evi-
dent in many taxa, including aerobic, CO-oxidizing bacteria such
as Bradyrhizobium japonicum, Sinorhizobium meliloti, and purple
sulfide-oxidizing bacteria such as Chromatium vinosum (23, 32, 40).

Thus, while organisms with the genetic potential to fix CO, are
widespread in soils, their capacity to fix CO, and their importance
in terrestrial C cycling have yet to be fully investigated. In this
paper, cbbL gene diversity and RubisCO activity were investigated
in six different soils where '*CO, incubation studies had shown
significant incorporation of "*C into the soil microbial biomass.
The significance of the work in terms of global carbon cycling and
the potential for microbial autotrophy is discussed.

MATERIALS AND METHODS

Soil preparation. Three paddy soils (P1, P2, P3) and three upland soils
(U1, U2, and U3) were sampled from the subtropical region of China. The
sampling sites of the soils had a mean annual temperature of approxi-
mately 16.8°C and an annual rainfall of about 1,400 mm. For each soil, a
bulk sample was collected from the plough layer (depth, 0 to 20 cm),
hand-sorted to remove visible plant residues, and then sieved by passage
through a 5-mm mesh. Soil pH was determined at a soil-to-H,O ratio of
1:2.5 (wt/vol) using a pH meter (Delta 320, Mettler-Toledo Instruments
Ltd., China), and clay content was determined using the pipette method
(22). Soil organic C (SOC) content and total N were measured by dry
combustion using an elemental analyzer (Vario MAX C/N, Elementar,
Germany), and cation exchange capacity (CEC) was measured by titration
(28). Site information and soil properties were as shown in Table 1. Prior
to use, the paddy soils P1, P2, and P3 were flooded with distilled water
while the other soils were adjusted to 45% of field water holding capacity.
To accommodate changes in microbial activity following disturbance (3),
all soils were left to equilibrate prior to analysis for 10 days after flooding
or rewetting.

Incubation with “C-labeled CO,. For each soil, two sets of micro-
cosms with four replicates each were prepared by weighing 1.0 kg fresh soil
(in an oven-dried form) into plastic containers (10 cm in diameter and 22
cmin height). One set was used as the control and was covered with a sheet
of 0.7-cm-thick dark plastic foam which blocked light but allowed aera-
tion. Both sets of microcosms were transferred to the growth chamber
(area, 80 by 250 cmj; height, 120 cm; 29 April 2009, China patent no.
712006100197402) and incubated for 80 days in a continuously '*CO,-
labeled atmosphere generated from NaH'*CO, solution (1.0 M at a ra-
dioactivity of 1.68 X 10* Bq ug ' C). The incubation system also pro-
vided artificial light (approximately 500 mmol photons m ™~ ?s ™! parabolic
aluminum reflector [PAR]) between 8:00 a.m. and 8:00 p.m., maintained
temperatures of 22°C between 8:00 p.m. and 8:00 a.m. and 32°C between
8:00 a.m. and 8:00 p.m., and held relative humidity at 80 to 90% through-
out the incubation period. At the end of the 80-day incubation, soils were
removed from the microcosms, mixed thoroughly, and then divided into
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three separate portions. One portion was immersed immediately in liquid
nitrogen, freeze-dried, and stored in 10-ml sterile centrifuge tubes at
—70°C for future DNA extraction, cbbL amplification, and RubisCO ac-
tivity analyses. Another was air-dried, ground to pass through a 100-mesh
filter, and used for [**C]SOC determination (43). The remaining portion
was used immediately for determination of '*C-labeled microbial bio-
mass carbon (['*C]MBC) (41). The synthesis rates (RS) of ['*C]SOC (g C
m ™2 day ') were calculated using the formula

RS = "C — sOC x {1/[3.14 x (D/2)*|}/T (1)

where D represents the internal diameter (m) of the container and T
represents the incubation time (80 days), respectively.

Microbial DNA extraction. Microbial DNA was extracted in triplicate
from 0.5 g freeze-dried soil using the SDS-GITC-PEG method described
by Chen et al. (5). The extracted pellet was dissolved in 50 ul sterilized
H,0O and the DNA concentration determined using a spectrophotometer
(Nanodrop; PeqLab, Germany). Prior to real-time quantitative PCR
(qPCR), the DNA solution was purified using a DNA purification kit
(Tiangen, China) and diluted to a final concentration of approximately 5
ng pul ™' DNA using sterilized H,O to provide the soil DNA template.

PCR amplification and terminal restriction fragment length poly-
morphism (T-RFLP) determination of cbbL genes. Bacterial cbbL genes
(IA and IC) and chromophytic algal cbbL genes (ID) were separately am-
plified by PCR using the primers described by Nanba et al. (23) and Paul
et al. (27), using forward primers labeled at the 5" end with 6-carboxy-
fluorescein (FAM) (Invitrogen, China).

Briefly, each individual PCR mixture (in triplicate) contained approx-
imately 50 ng soil DNA, 100 pmol of the primers, 200 uM deoxynucleo-
side triphosphates (ANTPs) (Tiangen, China), 1 U Taq polymerase (Tian-
gen, China) in 1X reaction buffer provided with the enzyme (Tiangen,
China), made up to 50 ul with sterilized H,O. Amplification was done in
a Mastercycler PCR machine (model 5333; Eppendorf, Germany) using
programs of 3 min at 95°C, 35 cycles of 1 min at 95°C, 1 min at 62°C, and
1.5 min at 72°C and ending with a 10-min extension at 72°C (bacterial
cbbL gene) and 3 min at 95°C, 35 cycles of 1 min at 95°C, 1 min at 52°C,
and 1.5 min at 72°C and finally with a 10-min extension at 72°C (chro-
mophytic algal cbbL gene).

Labeled PCR products were purified using an agarose gel DNA puri-
fication kit (Tiangen, China). Portions (10 ul) of the purified solution
(approximately 30 ng ul ") were separately digested with enzyme Hhal
(for bacterial cbbL gene fragments) and Rsal (for the chromophytic algal
cbbL gene fragments; TaKaRa, Japan). Digestion products were then an-
alyzed using an automated sequencer (model 373A; Applied Biosystems,
Weiterstadt, Germany) by the Sunny Company, China.

Data comprising 48 T-RFLP profiles (24 soils incubated in light with
two gene targets) were processed using the Gene Scan analysis software
package (version 2.1; Applied Biosystems). The relative abundance (Ap)
of each T-RF was calculated from Ap = n;/N X 100, where n; represents
the peak height of one distinct T-RF and N is the sum of all peak heights in
the profile. Minor peaks, where the relative abundance was <1%, were
regarded as background noise (19) and not used in the statistical analysis.
T-RFs greater than 10% of the total peak height were regarded as domi-
nant fragments. Canonical correspondence analysis (CCA) of the T-RFLP

aem.asm.org 2329


http://aem.asm.org

Yuan et al.

profiles was done in CANOCO 4.5 for Windows (Microcomputer Power,
Ithaca, NY) (39) to assess the relationship between microbial community
structure and soil physiochemical parameters SOC, total N (TN), CEC,
pH, and C:N ratio.

Cloning and sequencing of cbbL genes. The same primer sets that
were used for the T-RFLP analysis, without the fluorescent labels, were
used to separately amplify the bacterial and chromophytic algal cbbL genes
in the DNA templates of soils P1 and U1 (the representatives for paddy
and upland soil, respectively). PCR products were purified and cloned
into Escherichia coli DH5« using the pGEM-T easy vector system (Pro-
mega, Mannheim, Germany), followed by “blue-white screening.” Ran-
domly selected clones were then screened for positive inserts by PCR using
the SP6 and T7 primers (29) and sequenced by BGI (Wuhan, China). The
sequences of cbbL clones were checked for close relatives and taxonomic
assignment to known cbbL sequences using BLAST (1). Sequence identity
of >97% was defined as an operational taxonomic unit (OTU). Bacterial
and chromophytic algal cbbL clone sequences were each aligned using
Clustal X 1.83, and two neighbor-joining trees were produced from the
alignments using MEGA 4.0 (37). Bootstrap analysis of 1,000 replicates
was used to estimate the stability of tree topologies.

Quantification of cbbL genes. Bacterial and chromophytic algal cbbL
genes in the DNA template (1 ul) of all of the soils were analyzed sepa-
rately by real-time qPCR (21) using the primers described above. For each
of the microbial types, triplicate reactions were prepared in 384-well PCR
microplates (Axygen) containing 1X SYBR Premix ExTaq (Takara Bio
Inc., Shiga, Japan), 0.15 uM each primer (Invitrogen, China), 1X ROX
(provided with SYBR Premix ExTaq), and 1 ul soil DNA template (5 ng
wl™1) and then amplified in an ABI Prism 9700 real-time PCR system
(PerkinElmer, Applied Biosystems) using a thermal protocol for both
bacterial and chromophytic algal cbbL genes: 30 s at 95°C followed by 40
cycles of 10 s at 95°C, 40 s at 60°C, and 30 s at 72°C. A standard curve
ranging from 10 to 10® bacterial or chromophytic algal cbbL copies pl ™'
was generated using 10-fold serial dilutions of plasmids linearized by Sall
(TaKaRa, Japan) with 10'° copies ul ' partial bacterial or chromophytic
cbbL sequence from environmental samples. A set of the reaction mixtures
for the standard curve (1 ul) was also prepared and carried out in parallel
with that for the soil cbbL genes. The cbbL copies in the reaction mixtures
of soils were automatically analyzed using the SDS 2.3 software provided
with the real-time PCR system. The efficiency of real-time qPCRs was 95%
for bacterial cbbL and 96% for algal cbbL gene (based on the slope of the
standard curve).

RubisCO enzyme activity analysis. Total soil protein was extracted
after 80 days of soil incubation using the method described by Takai et al.
(36). Freeze-dried soil samples (2 g, four replicates) were placed in 10-ml
centrifuge tubes and suspended in 6 ml protein extract containing 100
mM Tris-HCI (pH 7.8) and 1 mM dithiothreitol (DTT) (Sigma). The soil
suspension was thoroughly disrupted by ultrasonication (JY92-II Scientz,
China) in an ice bath and centrifuged at 20,000 X g for 20 min at 4°C. The
supernatant was amended with solid ammonium sulfate to reach 80%
saturation, stirred for 30 min, and then centrifuged at 4°C (20,000 X g, 20
min). The resultant pellets were dissolved in 50 ul extract and used for
determining RubisCO activity.

RubisCO activity in the protein extracts was measured in a reaction
mixture (1.5 ml) containing the buffer system, substrates, cofactor, and
coupling enzymes prepared as described by Takai et al. (36). After incu-
bation at 30°C in a water bath for 10 min to recover enzyme activity, the
absorbance of reaction mix (E,) was determined at 340 nm using a spec-
trophotometer (UV-2450; Shimadzu, Japan). Following the addition of
substrate (50 ul 25 mM ribulose bisphosphate), the absorbance (E,) was
determined at a reaction time of 30 s. RubisCO activity (nmol CO, g~ "
soil min~ ') was calculated using the formula

(E, — E)V

RubisCO activity = Sediw
€

(2)

where V represents the volume of the reaction mixture (ml); ¢, the absor-
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TABLE 2 Amounts of [**C]SOC and [**C]MBC and synthesis rates of
['*C]SOC in six cropland soils

—1yb
Amt (mgkg ) Synthesis rates of
Soil” [**C]sOC ["*CIMBC ["*C]SOC (g Cm™ > day ")
P1 46.41 = 3.56 B 452*+0.27C 0.074 £ 0.003
P2 64.61 = 2.65A 10.36 = 1.46 A 0.103 = 0.002
P3 60.99 = 7.33A 7.61 £042B 0.097 = 0.006
Ul 21.94 =3.36C 3.74 £0.38C 0.035 * 0.003
U2 26.36 = 2.08 C 475+ 0.57C 0.042 = 0.002
U3 8.44 = 1.52D 1.55*+0.23D 0.013 = 0.001

“ Soils are described in Table 1.
b Means followed by the same letter are not significantly different (P > 0.05) between
the different soils.

bency (6.22 X 107> ml nmol ™' cm™'); d, the optical path length of the
cuvette (cm); 1, the reaction time (min); and w, the weight of soil (g).

Statistical analysis. Data were processed using Excel 2000 for the
means and the standard errors. Multiple comparisons of significant dif-
ferences were made using one-way analysis of variance (ANOVA) fol-
lowed by a Duncan test (P < 0.05). Correlation analyses were done using
the Pearson correlation method with significance defined at the 0.05 level
unless otherwise stated. All analyses were performed using SPSS 13.0 soft-
ware for Windows XP.

Nucleotide sequence accession numbers. Clones determined in the
present study have been deposited in GenBank under accession numbers
HQ174564 to HQ174665 for the bacterial cbbL gene and HQ184440 to
HQ184456 for the chromophytic algal cbbL gene.

RESULTS
Amount of '*CO, assimilation in different soils during incuba-
tion. After 80 days of incubation, the amounts of '*CO, incor-
porated into the soil organic carbon and microbial mass were
determined. Radioactivity in soils incubated in the dark was
barely detectable, while significant amounts of ['*C]SOC and
["*C]MBC were recovered from soils incubated in the light
(Table 2). The amounts of ['*C]SOC and ['*C]MBC ranged
from 8.44 (U3) to 64.61 (P3) mg kg™ ' and from 1.55 (U3) to
10.36 (P2) mg kg™ ', respectively. The soils differed signifi-
cantly in terms of incorporation of SOC and MBC (Table 2).
The amounts of ['*C]SOC and ["*C]MBC incorporated were
highly correlated (r = 0.945; P < 0.05) and were generally
higher in paddy than in upland soil (P < 0.05). Correlation
analysis also showed that the synthesis rates of ['*C]SOC were
closely related to RubisCO activities and the abundance of cbbL
genes in the soils (r = 0.946 and 0.967, respectively; P < 0.01).
Phylogenetic analysis of cbbL gene clones from soils. A bac-
terial cbbL gene phylogenetic tree was constructed from the 38
bacterial cbbL sequences (OTUs) of the test soils and 16 selected,
published bacterial cbbL reference sequences from GenBank. The
bacterial cbbL gene sequences were recovered in two clades, form
IA and form IC (Fig. 1). Of the bacterial cbbL sequences, 88% were
grouped in clade IC. This clade encompassed seven subclusters (I
to VII), of which subclusters I, IIT and VII contained 70% of the
form IC cbbL clones and accounted for 28%, 19% and 23% of the
total form IC cbbL genes, respectively. Except for subcluster II,
their distribution between soils was uneven. For example, in sub-
cluster I1I, about 70% of the clones were from upland soil, whereas
in subcluster VII the clones were mainly from paddy soil. The
remaining four subclusters contained only 30% of the form IC
cbbL genes, and their distribution between soils did not appear to
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FIG 1 Phylogenetic tree of bacterial cbbL sequences from soils with the cbbM gene from Thiohalospira halophila (accession no. GQ888618) used as an outgroup.
Bootstrap values (>50%) are indicated at the branch points. The paddy soil (P) and upland soil (U) are shown in brackets, and the numbers before each soil
abbreviation represent the respective number of clones. The numbers after soil abbreviation indicate the respective sizes of the T-RFs after in silico analysis with
Hhal. The scale bar represents a 5% estimated sequence divergence.

follow any specific pattern. Clones in subclusters I, IV, and VI ~ form IC clade, the major subcluster III grouped with known se-
were mostly recovered from the upland soil, while subcluster V. quences of Azospirillum lipoferum (DQ787338), Aminobacter sp.
clones were predominantly from paddy soil. In contrast to the  (AY422046), Bradyrhizobium japonicum (AY422048 and AF041820),
form IC cbbL sequences, the form IA cbbL sequences were less and Rhodopseudomonas palustris (AF355196), and subcluster VII
diverse and formed only two subclusters, VIII and IX, which were  grouped with Ralstonia eutropha (M17744) and Alcaligenes eutrophus
mostly from the upland soil. Additionally, six of the nine subclus- ~ (EU20584). In the form IA clade, subcluster VIII included known
ters grouped with the cultivated cbbL-containing bacteria. In the  ¢bbL sequences from Nitrobacter winogradskyi (AF109915) and Ni-
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FIG 2 Phylogenetic tree of algal cbbL sequences from soils with the Chlamydomonas sp. (EU421062) and Volvox carteri (GU084820) used as outgroups.
Bootstrap values (>50%) are indicated at the branch points. The paddy soil (P) and upland soil (U) are shown in brackets, and the numbers before each soil
abbreviation represent the respective number of clones. The numbers after soil abbreviation indicate the respective sizes of the T-RFs after in silico analysis with

Rsal. The scale bar represents a 5% estimated sequence divergence.

trobacter vulgaris (L22885) while subcluster IX included Thiobacillus
denitrificans (L42940) gene sequences.

Amplified chromophytic algal cbbL fragments and related ref-
erence sequences formed three subclusters that demonstrated a
relatively large diversity of chromophytic algae and included Xan-
thophyta, Bacillariophyta, and Rhodophyta (Fig. 2). Subclusters I
and II accounted for 82% of the total and were dominated by
clones from paddy soils. Subclusters I and IT included known cbbL
sequences from Tribonema viride (EF455966) and Porphyridium
aerugineum (X17597 and AY119775), respectively. The remaining
clade, subcluster III, contained only 18% of the total clones and
included sequences primarily from upland soil. Comparison with
known sequences showed similarities with Sellaphora auldreekie
(EF143303) and Placoneis constans (AY571752). Overall, the phy-
logenetic analysis indicated that there were distinct differences in
cbbL gene diversity between soils.

T-RFLP analyses of the cbbL-containing bacterial and algal
community compositions. A total of 14 T-RFs were identified
and used to compare bacterial chbL communities (Fig. 3a). Soil
type had an impact on both the presence and the relative abun-
dance of different bacterial cbbL T-RFs. For example, the relative
abundance of the T-RF of 30 bp in length (T-RF 30bp) was highest
in soil U3 and lowest in soil P1 whereas T-RF 60bp was highest in
U3 and lowest in P3 (Fig. 3a). T-RFs 46bp and 128bp were major
components in soils U1l and U2, with relative abundances signif-
icantly higher than those in other soils except for P1 (P < 0.05).
Some general trends in c¢bbL distribution were also evident be-
tween paddy and upland soils. The values for T-RF 30bp (22.1 to
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35.5%) and T-RF 60bp (17.1 to 50.3%) in upland soils were gen-
erally higher than those of paddy soils (10.6 to 26.4% and 11.0 to
12.7%, respectively) and for T-RF 60bp the differences between
soils were significant (P < 0.05). In contrast, T-RF 44bp was a
major component of the cbbL gene diversity in all paddy soils but
not in upland soils. Notwithstanding the limitations of extrapo-
lating from TRFs to organism identity, the in silico analysis indi-
cated that the dominant T-RFs 30bp, 60bp, 44bp, and 128bp were
most closely related to facultatively autotrophic bacteria such as
Rhodopseudomonas palustris, Bradyrhizobium japonicum, and
Ralstonia eutropha. This is consistent with the results of the clon-
ing analyses, where 88% of the cloned ¢bbL sequences clustered
with RubisCO form 1C (facultative autotrophs) and with known
sequences of Bradyrhizobium, Rhodopseudomonas, and Ralstonia.
Such sequences were detected in all soils and comprised a major
part of the cbbL-containing bacterial community. Obligate
autotrophic bacterial cbbL gene sequences (form 1A), as repre-
sented by T-RF 46bp, from organisms such as Thiobacillus deni-
trificans, Nitrobacter winogradskyi, and Nitrobacter vulgaris, were a
relatively small fraction of the autotrophic bacteria in these soils.
Sequences representing these genera were also recovered in the
clone library (Fig. 1), and the differences in relative abundance
may indicate that bacterial CO, fixation in soils is more prevalent
in facultative than in obligate autotrophs.

Comparison of 24 chromophytic algal cbbL T-RFLP profiles
(Fig. 3b) showed that nine T-RFs (34bp, 42bp, 48bp, 52bp, 62bp,
64bp, 77bp, 133bp, and 285bp) presented as major components of
the cbbL gene diversity in these soils. The relative abundance of
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FIG 3 Average relative abundances of bacterial chbL T-RFs (a) and algal T-RFs
(b) from soils with light incubation. Different shadings on the graph have been
used to indicate differences in fragment size. Bars indicate the standard errors
of the means (n = 4).

these T-RFs varied markedly with soil type. For example, the T-
RFs 42bp and 62bp were major components in paddy soils while
the T-RFs 34bp, 48bp, 77bp, and 285bp dominated in upland
soils. The T-RF 133bp was detected in all soils, and in general the
relative abundance of T-RF 133bp in paddy soils (mean = 33.5%;
coefficient of variation [CV] = 49%) was higher than in upland
soils (mean = 25.6%; CV = 36%). In silico comparison of frag-
ment length showed that only two of the T-RFs from these soils
showed fragment lengths that were similar to those of cbbL se-
quences from known chromophytic algae. The 133bp fragment
was similar to that from Xanthophyta and Bacillariophyta, while
the 382bp fragment could be putatively identified as originating
from Rhodophyta. These taxa are also represented in the clone
library (Fig. 2).

The comparative analysis (CCA) showed that the composi-
tions of cbbL-containing bacterial and algal communities in up-
land soils were clearly differentiated from each other while the
compositions of the paddy soil samples were relatively close. The
variation among different cbbL-containing bacterial and algal
community compositions was most highly correlated with SOC
(as determined at P = 0.002 using a Monte Carlo permutation test
within the CCA analysis) (Fig. 4).

Abundances of bacterial and non-green-algal cbbL genes in
soils. From the soils incubated in light, the bacterial cbbL abun-
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dance ranged from 4.2 X 10° to 1.25 X 10® copies g~ ' soil and the
chromophytic algal cbbL abundance ranged from 8.2 X 10’ to
1.8 X 10° copies g~ ' soil (Table 3). In general, the copy number of
the bacterial cbbL was higher (14 to 1,964 times) than that of the
chromophytic algal cbbL. Soil type was shown to have a significant
effect on the abundance of bacterial and chromophytic algal cbbL,
with paddy soils having a greater number (4 to 30 times) of bac-
terial cbbL copies than upland soils. The highest bacterial cbbL
abundance was observed in P2 and P3, and the lowest was in U3.
Although the copy numbers for the chromophytic algal cbbL gene

TABLE 3 Abundance of bacterial and chromophytic algal cbbL genes in
the different soils

Abundance®

Bacteria (10° copies g~ ' soil) Algae (10° copies g~ ' soil)

Soil” Light Dark Light Dark

P1 0.99 = 0.02 B 0.59 = 0.02 0.62 = 0.06 B 0.37 = 0.04
P2 1.17 = 0.03 A 0.58 * 0.03 1.39 = 0.12 A 0.22 = 0.01
P3 1.25 = 0.02 A 0.62 * 0.02 1.40 £ 0.27 A 0.56 £ 0.02
Ul 0.22 +0.03C 0.11 = 0.02 1.08 = 0.17 A 0.69 = 0.04
U2 0.14 = 0.01 D 0.07 = 0.01 0.01 = 0.00 C ND

U3 0.04 £0.01E 0.02 = 0.00 0.01 £0.00C ND

@ See Table 1 for soils.

b Means followed by the same letter are not significantly different (P > 0.05) between
different soil types. In all cases, the mean with light incubation was significantly (P <
0.05) larger than that with dark incubation for the same soil. ND, not detectable.
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TABLE 4 RubisCO activity in the soils incubated for 80 days
RubisCO (nmol CO, g~ ' soil min™~')”

Soil” Light Dark

P1 3.65*0.40C 0.58 £ 0.09
P2 6.73 £ 048 A 0.89 £ 0.17
P3 5.55 *0.76 B 1.66 + 0.42
U1 3.29*0.64C 1.89 £ 0.27
U2 3.09 £0.29C ND

U3 0.77 = 0.28 D ND

@ See Table 1 for soils.

¥ Means followed by the same letter are not significantly different (P > 0.05) between
different soil types. The mean with light incubation was significantly (P < 0.05) larger
than that with dark incubation for the same soil. ND, not detectable.

were generally lower, they also showed similar differences by soil
type, with the highest chromophytic algal signals found in P3 and
the lowest in U3. After 80 days of incubation, significantly lower
cbbL abundances of bacteria and chromophytic algae were de-
tected in soils incubated in the dark compared to those incubated
in the light, suggesting that cbbL fixing potential declined when
soils were incubated in the dark.

RubisCO enzyme activity in different soils. After 80 days of
incubation, RubisCO activity was barely detectable in the soils
incubated in the dark while significant RubisCO activity was mea-
sured in soils incubated in light. This activity ranged from 0.77 to
6.73 nmol CO, g~ " soil min~" (Table 4). There were significant
differences in RubisCO activity between soils. The highest
RubisCO activity was measured in the paddy soil P2, with the
lowest seen in the upland soil, U3. In general, measured RubisCO
activities in paddy soils were higher than those in upland soils.
Correlation analysis showed that the activity of RubisCO was
closely related to the abundance of bacterial cbbL (r = 0.853; P <
0.05). However, no significant correlation was observed between
RubisCO activity and chromophytic algal cbbL abundance (P >
0.05).

DISCUSSION

The work reported here shows that the diversity of bacterial and
chromophytic algal cbbL genes encoding RubisCO in soils offers
significant potential for the microbial assimilation of atmospheric
CO,. Carney et al. (4) considered that C emission and absorption
in terrestrial ecosystems in response to global climate change do
not balance. Thus, the quantity of CO, lost from soil is always
greater than that resulting from CO, uptake. If correct, this sug-
gests that there is a “missing C sink” of about 2 to 3 Pg C year ' at
the global scale (14). Although the work reported here needs to be
extended to include many more soils and soil types, the calculated
rate of assimilation of organic C is approximately 0.013 t0 0.103 g
Cm™*day ' (12 h light exposure). This would equate to a global
rate for microbial synthesis of organic C of 4.9 t0 37.5g Cm ™, or
0.68 to 4.9 Pg per annum, assuming a total terrestrial area of 1.4 X
10® km?. This means that microbial autotrophy could account for
up to 4% of the total CO, fixed by terrestrial ecosystems each year.
Since there was significant '*CO, assimilation only when soils
were incubated in the light, with almost no uptake when incu-
bated in the dark;, it seems reasonable to assume that the microbial
CO, assimilation processes were predominantly phototrophic
and, as such, were driven primarily by autotrophs (including pho-
to- and chemoautotrophic microbes) rather than heterotrophs.
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The measurement of RubisCO enzyme activity in these soils
was shown to be closely related to the synthesis rate of SOC (r =
0.946; P < 0.01) and was positively correlated (r = 0.853; P <
0.05) with the abundance of the bacterial cbbL gene. There is no
significant correlation with the abundance of the chromophytic
algal genes supporting the hypothesis that facultatively au-
totrophic bacteria were the major microbial groups involved in
CO, assimilation. The diversity and abundance of these bacteria
differed between soils and were correlated with soil use and SOC
content, suggesting that soil management and cropping regime
might be manipulated to enhance soil C sequestration by enhanc-
ing the growth of facultatively anaerobic bacteria. This hypothesis
is supported by previous investigations that also showed a link
between bacterial cbbL gene diversity and local edaphic factors
such as plant cover, land use, and fertilizer management (23, 33,
40). However, the dominant factors regulating the diversity of
CO,-fixing bacteria in soils and the potential for such systems to
sequester carbon need further evaluation.

The work reported here has shown that the diversity and abun-
dance of microbial autotrophs varies with soil type and land use.
Of the physicochemical properties measured, the multivariate sta-
tistical analysis showed that the major influence on cbbL gene
diversity and, by inference, on soil bacterial autotrophs is SOC.
Soil organic matter is the most active fraction in soil and is a key
determinant of soil fertility and productivity (9, 25, 42). SOC also
stabilizes soil structure (7) and is an important source of carbon
for microbial growth and of nutrients such as phosphorus, sulfur,
calcium, magnesium, and trace elements (30). The finding that
total gene copy number (qQPCR) was lower in soils with low levels
of SOC could be due to the limited availability of the C needed to
support growth, since facultatively autotrophic bacteria, and not
obligate autotrophs, were the more dominant (32, 33). The size of
the cbbL-containing chromophytic algal community was related
in a similar way to SOC levels. The algal cbbL sequences recovered
in this study belonged to the genera Xanthophyta and Bacillario-
phyta. Although the algae were typically autotrophic organisms,
some were mixotrophs and as such derive energy from both pho-
tosynthesis and the uptake of organic carbon either by osmotro-
phy, mixotrophy, or phagotrophy (18). In soils, the decomposi-
tion of soil organic matter can provide carbon dioxide for algal
photosynthesis, with the transformation of soil organic matter
providing rich organic substrates and key nutrients for mix-
otrophic algal growth. These findings are in general agreement
with recent studies on nutrient dynamics and their impact on
microbial community structure of bacteria and phytoplankton in
different ecosystems (11, 32).

Since management can be used to moderate SOC levels in soils,
the interaction between SOC levels and the CO, assimilation ac-
tivities of facultatively autotrophic bacteria warrants further in-
vestigation. For example, Ralstonia eutropha and Alcaligenes eu-
trophus were identified both in the clone libraries (Fig. 1,
subcluster VII) and from the T-RFLP analyses as significant
components of the microbial community in paddy soils. Ralstonia
eutropha and Alcaligenes eutrophus are known to produce and se-
quester polyhydroxyalkanoates that can accumulate intracellu-
larly to approximately 90% of the cell’s dry weight (44). These
polyhydroxyalkanoates are not readily turned over in flooded soils
and are largely protected from mineralization in paddy soils by
complexation with active iron oxides. This capacity for organic
matter complexation and protection is considerably reduced in
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upland soils, where the amounts of active iron are generally lower.
Taken together, the increase in RubisCO activity, the increase in
facultative autotrophic bacteria, and the production of highly sta-
ble forms of soil carbon (polyhydroxyalkanoate) make paddy soils
and other inundated systems potential land use options for maximiz-
ing the retention and sequestration of atmospheric CO,. However,
additional work is needed to confirm the link between the changes in
the relative abundance of cbbL genes and the capacity for paddy soils
to fix CO,. These studies include the need for more detailed isotope
tracer studies (13) and an investigation of alternate CO, assimilation
pathways such as the 3-hydroxypropionate cycle, the reductive citric
acid cycle, and the reductive acetyl-CoA pathway (8, 12, 20).

A combination of RubisCO activity measurements, cbbL gene
diversity analysis, and real-time qPCR has highlighted the poten-
tial for cropping systems (e.g., paddy and upland) soils to seques-
ter CO,. These studies also suggest that the role of facultatively
autotrophic bacteria and chromophytic algae in the biogeochemi-
cal cycling of soil C has probably been underestimated. T-RFLP
and sequence analysis of clone libraries have shown that the major
T-RF components among the bacterial autotrophs were indicative
of taxa known to accumulate significant amounts of stable C in the
form of polyhydroxyalkanoates and indicate that land manage-
ment in arable and paddy systems that optimizes facultatively au-
totrophic activity could be a viable option for enhancing the se-
questration and stabilization of carbon in soils.
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