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Abstract

Purpose Light is a major driver of primary productivity in
most ecosystems on Earth. Phototrophic microorganisms
harvest light to synthesize organic biomass for sustaining
the global energy and carbon flow. However, the bottom-up
model of phototrophic microorganisms as primary produc-
tion and food source for higher trophic levels remains
unclear in the terrestrial environment.

Materials and methods Rice soil microcosms treated with
different carbon sources ('*C-formate, '*C-formate, or a
control without formate) were incubated for 21 days under
illumination. For each microcosm, genomic DNA were
extracted and fractionated by isopycnic ultracentrifugation.
Subsequently, the analyses were conducted on these
samples with real-time quantitative PCR, PCR-denaturant
gradient gel electrophoresis fingerprinting, and sequencing
analysis of bacterial 16S rRNA, eukaryotic 18S rRNA, and
photosynthetic functional genes.

Results and discussion Our analysis indicated that formate
carbon was assimilated by a subset of bacteria and
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eukaryotes. Based on molecular fingerprinting and se-
quencing analysis, the primary producers were determined
to be the microorganisms affiliated with purple photo-
trophic bacteria, cyanobacteria, and algae. The detection of
protozoa and fungi-like 18S rRNA gene sequences in the
13C-enriched DNA fractions suggested that these organisms
acted as consumers. They fed on nutrients derived from
labeled phototrophic microorganisms.

Conclusions Molecular evidence suggests that in the light-
driven microbial food web, the carbon flow from formate is
initiated by phototrophic primary and secondary producers.
Their biomasses subsequently sustain the growth of con-
sumers in the rice soil.

Keywords DNA-based stable isotope probing - Formate -
Microbial food web - Phototrophy

1 Introduction

Phototrophy of microorganisms is an important process on
Earth since it contributes significantly to the global carbon
cycle (Field et al. 1998). Each year phototrophic prokar-
yotes provide more than 35.2% of global primary produc-
tion in marine environments (Overmann and Garcia-Pichel
2006). Therefore, the phototrophy-based microbial food
web plays an essential role in the sustainability of both
energy and carbon flow in the environment (Tittel et al.
2003). However, little is known about this food web at the
molecular level in past decades, particularly for soil
environments (Moran and Miller 2007).

Light irradiation usually can reach the eutrophic zones of
topsoil layer in a paddy field (Liesack et al. 2000). A
phototrophy-based microbial food web is believed to
sustain the cycles of nutrients and energy in terrestrial
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environment (Al-Najjar et al. 2010). Figure 1 sketches such
a microbial food web. Phototrophic microorganisms utilize
light energy and assimilate organic and/or inorganic carbon
for growth. The increase of biomass via phototrophic
microorganisms is accompanied by an active growth of
primary consumers in the microbial loop. At the same time,
phototrophic microorganisms and primary consumers pro-
vide cell debris and exopolymeric substances that detritiv-
orous fungi utilize. A bottom-up model of microbial food
web in the rice soil can be built from carbon sources,
primary producers, and consumers. However, there is no
unambiguous evidence to identify microorganisms that
drive the turnover and the transformation of organic
materials in soil.

In DNA-based stable isotope probing (DNA-SIP),
microorganisms grow on the '*C-labeled substrate. The
13C-carbon is incorporated into their biomass including
DNA. After the isopycnic ultracentrifugation following
DNA extraction, the '*C-DNA produced during an active
growth of metabolically distinct microbial groups is
resolved from those of unlabeled members. Subsequent
analysis can help to identify the microorganisms that are
actively involved in a defined process. Therefore, DNA-
SIP is extremely helpful to link the metabolic function and
taxonomic identity of microorganisms involved in a
defined ecological process (Radajewski et al. 2003). For
example, this technology has been applied to track carbon
flows due to methane-derived carbon (Deines et al. 2007;
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Fig. 1 A conceptual model for a phototrophy-driven microbial food
web in a rice soil. Under anoxic conditions, organic materials are
converted to CO,, which fuels the growth of primary producers of
cyanobacteria and algae. The light energy is also harvested by
photoheterotrophic bacteria to metabolize organic materials directly
as secondary producers. Amoeboid protozoa prey on the biomass of
fungi and phototrophic microorganisms. Fungi likely assimilate the
nutrients from cell debris and extracellular substance for growth. This
microbial interaction constitutes the core set of nutrient and energy
flow of the rice soil tested and maintains the soil productivity
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Murase and Frenzel 2007) and organic matter decompo-
sition (Lueders et al. 2006; Chauhan et al. 2009) in
microbial food webs.

In this study, we have investigated the phototrophy-
driven microbial food web in a paddy soil by using formate
as the carbon source. There are three reasons for such a
choice. First, formate is a ubiquitous major intermediate
and fermentation product during organic decomposition in
an anoxic environment (Kimura 2000; Penning and Conrad
2006). Second, formate is directly or indirectly involved in
the growth of prokaryotic and ecukaryotic organisms
(Haddock and Ferry 1989; Baziramakenga et al. 1995).
Finally, phototrophic microorganism growth is mostly
stimulated by formate (Supplementary Figs. S1 and S2),
despite the fact that other organic acids, such as acetate and
lactate, are generally more abundant than formate in the rice
soil (Penning and Conrad 2006). With DNA-SIP, we have
found that the microorganisms, phylogenetically highly
related to cyanobacteria, algae, and purple phototrophic
bacteria, assimilated formate carbon. Evidences suggest that
these microorganisms also support the growth of higher
trophic organisms such as protozoa and fungi-like ones in
the rice soil. We propose that through such a microbial food
web, nutrients in soils are maintained, and the energy flow
for soil productivity is carried out.

2 Materials and methods
2.1 SIP microcosm

Soil samples were taken from a rice—wheat rotation paddy
field at China FACE station, Jiangsu Province, China (31°
35" N, 120°30" E). Soil physical and chemical properties
were described in the supplementary information. Each SIP
microcosm contained 5 g bulk soil and 0.5 mmol of *C-
labeled formate (Kalyuzhnaya et al. 2008). The labeled
formate was purchased from Sigma-Aldrich with 99 at.%
13C. Two control microcosms were established for compar-
ison. One was with '*C-formate addition, and the other was
without formate addition. All the incubations were per-
formed with 120 ml serum bottle for 21 days at 30°C. One
subset of samples was kept under continuous incandescent
illumination with a light intensity of about 2,000 Ix, while
another subset was kept in darkness. Before incubation, the
headspace of the serum bottle was repeatedly purged with
N, to make the microcosm anaerobic. All treatments were
carried out in duplicate.

Gas samples were taken with a gas-tight syringe from
the headspace of the soil microcosms every 7 days.
Production of CO, was monitored by a GC equipped with
flame ionization detector as previously described (Ding et
al. 2007).
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2.2 DNA extraction and SIP gradient fractionation

On the day after final gas sampling, soil samples from each
treatment were collected, mixed, and sieved (<2 mm).
Samples were kept at —20°C for molecular analysis. A day
after sampling, soil DNA was extracted using 0.5 g soil for
each sample using a FastDNA® SPIN Kit for soil (MP
Biomedicals, Santa Ana, CA, USA) according to the
manufacturer’s instructions. The extracted soil DNA was
eluted in 50 pl TE buffer, quantified by spectrophotometer,
and stored at —20°C before use.

Stable isotope probing fractionation was conducted in a
similar manner as described by Jia and Conrad (2009) and
Neufeld et al. (2007). Briefly, the gradient fractionation of
total DNA extract (3.0 pg) from each SIP microcosm under
illumination was performed with an initial CsCl buoyant
density of 1.720 g/ml subjected to centrifugation at 177,000xg
for 44 h at 20°C. The density gradient was aliquoted to 340 pl
fractions, and the buoyant density of each fraction was
determined by the refractive index. Fifteen fractions were
generated covering buoyant densities from 1.696 to 1.743 g/
ml, and nucleic acids were separated from CsCl by PEG 6000
precipitation and dissolved in 30 pul TE buffer.

2.3 Real-time quantitative PCR of purple phototrophic
bacterial pufM genes, bacterial 16S rRNA genes,
and eukaryotic 18S rRNA genes

Copy numbers of pufM gene fragment in the each fractionated
DNA gradient were quantified by real-time quantitative PCR
(qPCR), using primer set pufMS557F/pufM750R (Table 1).
gPCR was also performed for both bacterial 16S rRNA gene
and eukaryotic 18S rRNA gene abundances by using primer
sets S19F/907R and EuklA/Euk516R (see Table 1) for all
treatments. The detailed description for gPCR was shown in
supplementary information.

2.4 Denaturant gradient gel electrophoresis analysis
of bacterial 16S rRNA and eukaryotic 18S rRNA gene
sequences

The community compositions of bacteria and eukaryotes in
each fractionated DNA gradient were characterized by PCR-
denaturant gradient gel electrophoresis (DGGE) fingerprint-
ing analysis with the primer sets of 341F-GC/907R and
Euk1A/Euk516R-GC (see Table 1). Both bacterial 16S
rRNA and eukaryotic 18S rRNA genes PCR products were
separated on 6% (w/v) polyacrylamide gels with a 30-70%
denaturing gradient (urea and formamide). DGGE gels were
run at a constant voltage of 85 V for 16 h at 60°C in 1x TAE
buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA;
pH 8.3) and subsequently stained in 1:10,000 SYBR Green |
and scanned with Gel Doc™ EQ imager combined with

Quantity one 4.4.0 (Bio-Rad). The representative bands were
excised, left overnight in 25 pl Milli-Q water, reamplified,
and run again on the DGGE system to ensure purity and
correct mobility of the excised DGGE bands. Correct PCR
products were purified using the QIAquick PCR Purification
kit (QIAGEN) before cloning.

2.5 Cloning, sequencing, and phylogenetic analysis

The purified PCR amplicons of the excised DGGE bands
were cloned into a pMDI18-T vector (TaKaRa) and trans-
formed into Escherichia coli DH5« competent cell. Six
random clones containing correct gene size for each DGGE
band were sequenced by Invitrogen Sequencing Department
in Shanghai. DNASTAR software package was used to
manually check and compare the clone sequences. One
representative clone sequence with high quality after
sequence comparison from each band was used for phylo-
genetic analysis. Together with the top three BLAST hits of
homologous gene sequences, the DGGE band sequences
were used to build a basic phylogenetic tree by the neighbor-
joining method using the software package of Molecular
Evolutionary Genetics Analysis 4.0 version (Tamura et al.
2007). The tree topology was further evaluated by different
methods including minimum evolution and maximum
parsimony. The phylogenetic relationships of 16S rRNA
gene or 18S rRNA gene sequences to the closest homolog in
the GenBank were then inferred. The GenBank accession
numbers for the 16S rRNA and 18S rRNA gene fragments
sequenced in this study are AB525842 to AB525862 and
AB526173 to AB526195, respectively.

2.6 Statistical analysis

DNA fingerprints obtained from the 16S to 18S rRNA gene
banding patterns on the DGGE gels were photographed and
digitized using Bio-Rad’s Quantity One software. Using the
digital matrix obtained from DGGE, the similarities (or
dissimilarities) among genotypes from the DNA fractiona-
tions could be quantified using cluster analysis. Euclidean
distances were calculated from relative positions and intensi-
ties of bands, and the samples were clustered using Pearson’s
product-moment coefficient and an unweighted pair group
method with arithmetic mean (UPGMA) algorithm.

3 Results
3.1 Microbial CO, evolution in the DNA-SIP microcosm
CO, concentrations were monitored to assess the microbial

activity during the 21-day incubation period. With formate
treatment, the CO, concentration reached a maximum of
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Table 1 Primers used in this study

Target Forward primer Reverse primer Length Usage Reference
(bp)°
Bacterial 16S rRNA  341F-GC* (CCTACG 907R (CCGTCAATT 560 DGGE Muyzer
genes GGAGGCAGCAG) CMTTTRAGTTT) et al.
(1998)
519F (CAGCMGCC 907R 400 qPCR Biddle
GCGGTAATWC) et al.
(2008)
Eukaryotic 18S EuklA (CTGGTTG Euk516R-GC* (ACCA 560 DGGE and qPCR Beatriz
rRNA genes ATCCTGCCAG) GACTTGCCCTCC) et al.
(2001)
All pufM genes pufLF (CTKTTCGA pufM750R (CCCATG 1,500 Agarose gel Nagashima
CTTCTGGGTSGG) GTCCAGCGCCAGAA) electrophoresis et al.
(1997)
pufM557F (CGCAC pufM750R 229 qPCR Achenbach
CTGGACTGGAC) et al.
(2001)

?Indicates a GC clamp that was added to the 5’ end of the primer for DGGE fingerprinting analysis as described

°pCrR product length in base pairs

around 45-55 pumol/g d.w.s on the 14th day and started to
decline afterward for the illuminated samples (Fig. 2).
Comparatively, the CO, concentration was much lower in
the control without formate addition, regardless of whether
or not the sample was held in darkness. CO, reached a
maximum of 15 pumol/g d.w.s on the 7th day and declined
afterward under illumination. The reduction of CO, was
possibly attributed to photoautotrophic growth of micro-
organisms such as green algae and cyanobacteria due to
light stimulation (Supplementary Fig. S3). This was further
supported by the fact that without illumination, CO, was
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Fig. 2 CO, evolution in soil microcosms during incubation for
21 days. '°C- and '*C-formate denote the soil treated with '*C- and
12C-formate, respectively. The light and dark indicate the treatment
under illumination and in darkness, respectively. Control denotes the
treatment without formate addition. Standard error bars were obtained
from two true replicates
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continuously accumulated in the microcosms regardless of
all treatments (see Fig. 2).

3.2 Quantitative analysis of genes in different DNA
fractions by qPCR

With qPCR, we studied the purple phototrophic bacterial
pufM gene abundance for different DNA gradients. Results
clearly indicated that the labeled formate carbon was
actively assimilated by pufM gene-containing microorgan-
isms (Fig. 3a). The copy number of pufM gene peaked in
the “heavy” DNA fractions (i.e., buoyant density 1.726,
1.728, 1.731, and 1.735 g/ml) for '*C-formate-treated soil.
In contrast, the highest copy number of pufM genes
occurred in the “light” DNA fractions (i.e., buoyant density
1.720 and 1.722 g/ml) for '*C-formate-treated soil (see
Fig. 3a). Agarose gel electrophoresis of the near full length
of pufM gene amplicons across the entire DNA gradients
further supported this observation (Supplementary Fig. S4).
When a sample was treated either without illumination or
without formate addition, the copy number of pufM genes
remained extremely low across the spectrum of different
densities (see Fig. 3a). Interestingly, the majority of
bacterial 16S rRNA genes were observed in the “heavy”
DNA fractions (see Fig. 3b), implying pufM gene-
containing phototrophic microorganisms likely dominated
bacterial community in formate-treated soil under illumina-
tion. It is very interesting to notice that, compared to the
bacterial 16S rRNA and purple phototrophic bacterial pufM
genes, the eukaryotic 18S rRNA gene abundance in the
“heavy” DNA fractions was much lower (see Fig. 3¢). This
phenomenon suggests that only a small fraction of
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across the buoyant densities of the DNA gradients isolated from soil
samples treated with 13C., 12C-formate, or control under illumination
or in darkness. All other designations are the same as those in Fig. 2

eukaryotic community actively assimilated formate-derived
carbon in the '*C-formate-treated soil under illumination.

3.3 Soil bacteria actively involved in the phototrophy-based
microbial food web

The phylogenetic identity of bacteria involved in the
metabolism of formate-derived carbon under illumination
was analyzed by PCR-DGGE fingerprints (Fig. 4). A
cluster analysis on the 16S rRNA gene fingerprint patterns
revealed the differences between the “heavy” and “light”
DNA fractions from soil samples treated with '*C-formate
and the differences between “light” DNA fractions from
soil samples treated with formate and control (see Fig. 4b).
At 0.48 Euclidean distance, the bacterial compositions in
the “heavy” DNA fractions (i.e., buoyant density 1.726,
1.728, 1.731, and 1.735 g/ml) were grouped into one cluster

and separated from those in the “light” DNA fractions (see
Fig. 4b), suggesting that several specific bacteria assimilat-
ed '*C-formate and their nucleic acids became “heavier”.
The community in the “heavy” DNA fractions consisted of
PCR-DGGE bands 8, 9, 11, 12, 16, and 21 (see Fig. 4a).
Phylogenetic analysis revealed that the sequences of bands
8, 11, and 12 were highly related to the photoautotrophic
cyanobacteria such as Oscillatoria (>90% sequence simi-
larity), while bands 9, 16, and 21 were grouped with
photoheterotrophic purple bacteria Rhodopseudomonas and
Rhodoplanes (>70% sequence similarity; Fig. 5).

The bacterial community compositions from formate-
treated soil samples are highly distinct from those
without formate addition, as their fingerprint patterns
were separated at 0.28 Euclidean distance (see Fig. 4b).
Indeed, bands 13 and 18 found in the control disappeared
when the bacterial community was treated with formate,
while several other bands (such as 4 and 6) appeared (see
Fig. 4a). Sequencing analysis indicated that they were
closely related to uncultured Nitrospirae bacteria (band
13, 99% sequence similarity), Rhodoplanes (band 18,
96% sequence similarity), uncultured Firmicutes bacteria
(band 4, 99% similarity), and Alkaliphilus transvaalensis
(band 6, 98% sequence similarity), respectively (see
Fig. 5).

3.4 Soil eukaryotes actively involved in the phototrophy-
based microbial food web

Similar shifts in the eukaryotic communities were
observed by the cluster analysis of 18S rRNA genes
fingerprint patterns in the “heavy” and “light” DNA
fractions. PCR-DGGE fingerprinting compositions in the
“heavy” DNA fractions (i.e., buoyant density 1.721,
1.726, 1.728, and 1.731 g/ml) clustered in dendrogram
(Fig. 6b). Their patterns are distinctly different from those
in the “light” DNA fractions (see Fig. 6a), indicating that
only a subset of the eukaryotic community assimilated
3C-formate. Sequences of the bands retrieved in the
“heavy” DNA fractions can be grouped with Arachnula
(bands 8, 9, and 11, >95% sequence similarity), Scene-
desmaceae (bands 12, 13, and 14, >95% sequence
similarity), Flamella arnhemensis (band 16, 98% sequence
similarity), and Asterostroma (band 17, 93% sequence
similarity).

The eukaryotic communities in the control also
clustered in a separate group (see Fig. 6b). For example,
bands 20 to 23 only appeared in the control treatment (see
Fig. 6a). Phylogenetic analysis revealed that these band
sequences were highly related to those of Crustacea
(bands 20, 21, and 23, >90% sequence similarity) and
Pithophora sp. Kamigori (band 22, 96% sequence simi-
larity; Fig. 7). The eukaryotic communities in the “light”
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Fig. 4 PCR-DGGE fingerprinting profiles of bacterial 16S rRNA
genes (a) and cluster analysis of PCR-DGGE band patterns (b) in the
“heavy” and “light” DNA fractions from '*C-, '2C-formate, and
control treatments under illumination. Above each DGGE lane is the
buoyant density of the DNA used for PCR-DGGE analysis. Both
“light” and “heavy” DNA fractions were analyzed for '*C-formate
treatment, while only the “light” fractions from '*C-formate and

DNA fractions from '*C- to '*C-formate-treated soil
samples were similar (see Fig. 6a), and they are catego-
rized in one group (see Fig. 6b). Bands 2 to 7 invariably
appeared in the “light” DNA fractions from the soils
treated with formate (see Fig. 6a), and they were found to
be affiliated with Cercozoa group (>80% sequence
similarity; see Fig. 7).

3.5 A conceptual model for bottom-up control of microbial
food web in a rice soil

Providing molecular evidences, DNA-SIP tracks the carbon
flow through phototrophic microorganisms to higher
trophic levels in a rice soil. Figure 1 sketches a conceptual
bottom-up model of microbial food web based on these
evidences. When stimulated by light, photoheterotrophic
purple bacteria such as Rhodopseudomonas and Rhodo-
planes directly metabolize formate, while photoautotrophic
cyanobacteria Oscillatoria and algae Scenedesmaceae
assimilate formate-derived CO,. Concomitantly, oxygen
generated by cyanobacteria and algae stimulates the growth
of Amoebozoa Arachnula, F. arnhemensis, and fungi
Asterostroma. These protozoa and fungi could grow on
the biomass and/or metabolites of phototrophic micro-
organisms. Thus, a phototrophy-driven microbial food
web forms in the rice soil.
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control treatment were shown. The bands excised for sequencing
analysis are indicated by arrowed number from [ to 21. The
dendrogram of cluster analysis was produced by using Pearson’s
product-moment coefficient and a UPGMA clustering algorithm. Scale
indicates Euclidean distance. All other designations are the same as
those in Fig. 2

4 Discussion

Light provides energy for phototrophic microorganisms and
sustains the microbial food web. With molecular evidences
provided by DNA-SIP, we propose a novel conceptual
model (Fig. 1) for a phototrophy-driven food web in the
rice soil. The model shows the bottom-up control of key
microorganisms in this web. Phototrophic primary pro-
ducers for maintaining the stability of complex microbial
loop are identified, and their significances are highlighted
in this proposed model.

In soil microcosms incubated with formate for 21 days,
the microbial mat in red could be visualized under
illumination (Supplementary Fig. S3a-d). The red and
bright microbial consortium has been well recognized as
anoxygenic purple phototrophic bacteria inhabiting anoxic
environment and acting as secondary primary producer
(Pfennig 1978). By analyzing the abundance distributions
of purple phototrophic bacterial pufM gene (Fig. 3a and
Supplementary Fig. S4) and bacterial 16S rRNA genes (see
Fig. 3b) in fractionated DNA gradients, it is clear that
purple phototrophic bacteria assimilated formate for
growth. In addition, the active growth of purple photo-
trophic bacteria can also be safely inferred by finding an
extremely low abundance of pufM genes in the “light”
DNA fractions treated by '*C-formate (see Fig. 3a). This
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Fig. 5 Phylogenetic tree analy-
sis showing the relationship of
bacterial 16S rRNA genes of
PCR-DGGE fingerprints in
Fig. 4 to the closest relatives in
the GenBank. Bootstrap values
are indicated with support
values as circle (50-70%),
square (71-90%), and triangle
(>90%). Scale bar indicates the
number of nucleotide acid
substitutions per site. All other
designations are the same as
those in Fig. 2
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fact indicates that a large majority of the pufM-containing
phototrophs had replicated at least once and acquired
“heavy” DNA; those that had not replicated were not even
detectable in the “light” DNA fractions. This observation
agrees with the previous findings that in anoxic environ-
ment, purple phototrophic bacteria utilize light energy to
assimilate small molecular weight organic compounds for
growth (Imhoff 1988). Sequencing analysis of DGGE
bands in the '*C-DNA-labeled “heavy” fractions revealed
that Rhodopseudomonas and Rhodoplanes assimilated '*C-
formate in soil (see Fig. 5).

Rhodopseudomonas and Rhodoplanes are typically pho-
toheterotrophic purple non-sulfur bacteria in paddy soil
(Harada et al. 2003; Lakshmi et al. 2009). Using culture-
reliant approach, Rhodopseudomonas was indeed isolated
and found to be the dominant purple phototrophic bacteria in
rice soil tested in our previous work (Feng et al. 2009). The
active growth of purple phototrophic bacteria was also
widely observed in other anoxic environment (Madigan and
Gest 1979; Overmann and Garcia-Pichel 2006). The wide-
spread presence of Rhodopseudomonas and Rhodoplanes has
suggested that they played an important role in sustaining
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Rhodopsendomonas sp. F-1  AB526261
AB525860
AM934722
AB525861

AB525854
DQ450809

Photoheterotrophic
purple bacteria

AB525858
DQ112344
DGGE Band-12 (labeled) ABS525853
Uncultured cyanobacterium ~ AB334293
DQOT72163 ~ .

Sl Cyanobacteria
AB525849

AB525852

ecosystem productivity by driving the carbon and energy
flows in anoxic and photic environment (Jiao et al. 2007).
Besides being a substrate to support the growth of
photoheterotrophic purple bacteria, formate is an accessory
reductant and electron donor for anaerobic bacteria, such as
sulfate-reducing bacteria (Ferry 1990), which makes for-
mate readily oxidized to CO,. We observed a 3- to 4-fold
increase of CO, accumulated in the microcosms treated
with formate, compared to those without formate treatment
(see Fig. 2). The '*CO, product by anaerobic formate
oxidation could stimulate the growth of photoautotrophic
organisms under illumination. DNA-SIP analysis on the
“heavy” DNA fractions from labeled treatment indicates
that '*C-labelings of both cyanobacteria Oscillatoria (bands
8, 11, and 12 in Fig. 4a) and algae Scenedesmus (bands 12,
13, and 14 in Fig. 6a) were successful. Cyanobacteria
Oscillatoria and algae Scenedesmus were found to be the
dominant photoautotrophic microbes in paddy soil (Fujita
and Nakahara 2006; Asari et al. 2008). With light
stimulation, cyanobacteria and algae can live on CO, as
the sole carbon source for growth and release O, (Over-
mann and Garcia-Pichel 2006). This photosynthetic activity

@ Springer



308 J Soils Sediments (2011) 11:301-311
a 13C-Formate Light 12C-Formate Light Control Light 5_’40 Buclidesu distadces

wy ~ = o4 =3 o0 — Wy Lag] Lr=1 (=) — Wy © o oo — w

- — i~ oy -y — — — 1 — —_ — o~ -~

[ ~ ~ I~ -~ [ — —~ I~ ~ ™~ ™~ [ ™~ ~ I~ ~ I~

—_ - — = — - —_ — — = — — — — - g — filic e Formate Light (1.735)

Fig. 6 PCR-DGGE fingerprinting profile of eukaryotic 18S rRNA
genes (a) and cluster analysis of PCR-DGGE band patterns (b) in the
“heavy” and “light” DNA fractions from '*C-, '’C-formate, and

explains the decline in CO, accumulation in the headspace
of soil microcosms under illumination (see Fig. 2). The
concomitant production of O, leads to the phototrophic
community shift from purple phototrophic bacteria to green
cyanobacteria and algae (Supplementary Fig. S3b, d, and f).
This observation agrees with the previous reports that
Rhodopseudomonas sp. is succeeded by cyanobacteria in
rice soil (Haque et al. 1969; Matsuguchi and Yoo 1981) and
in artificial biofilm incubator under illumination (Roeselers
et al. 2007). As a consequence, the proliferation of
oxygenic photoautotrophic microorganisms could lead to
niche differentiation from anoxic to oxic conditions,
favoring the aerobically heterotrophic carbon utilization
by higher trophic levels such as microflora and eukaryotes
(Murase et al. 2006; Sugano et al. 2007).

With qPCR quantification (see Fig. 3c) and DGGE
fingerprinting analysis (see Fig. 6a) on fractionated DNA
gradients, we found that protozoa and fungi assimilate the
formate-derived carbon, via directly or indirectly paths. The
labeled protozoa were phylogenetically related to Arach-
nula (bands 8, 9, and 11) and F. arnhemensis (band 16) of
Amoebozoa (see Fig. 7). The high intensity of DGGE
bands suggests that Arachnula-like protozoa play a much
more important role in the turnover of biomass from
phototrophic microorganisms than F arnhemensis-like
protozoa (see Fig. 6a), although they are phylogenetically
close to each other (Kudryavtsev et al. 2009). Meanwhile,
aerobic growth of fungi was detected in the “heavy” DNA
fractions, presumably a result of the increase in oxygen and
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control treatments under illumination. The bands excised for sequenc-
ing analysis are indicated by arrowed number from I to 23. All other
designations are the same as those in Fig. 4

biomass released from cyanobacteria to algae. Fungi,
bacteria, and algae all can be fed on by known Arachnula
species (Bass et al. 2009). Therefore, Arachnula could be
the key primary consumer within the phototrophy-based
microbial food web in rice soil. Interestingly, reports of
Arachnula-like protozoa in paddy soil are rare in the
literature (Cahyani et al. 2004; Hatamoto et al. 2008). In
addition, stable isotope probing of a methane-driven
microbial food web indicated the absence of Arachnula-
like protozoa in rice soils under dark conditions (Murase et
al. 2006; Murase and Frenzel 2007). Therefore, we
speculated that the Arachnula might constitute only a
minor fraction of eukaryotic community in rice soil and
was selectively stimulated by preying upon phototrophic
microorganisms. Furthermore, such microbial interactions
and trophic network could be habitat specific because of the
habitat-specific predation on microbes by protozoa. In
aquatic environment, amoeboid protozoa are often consid-
ered to be negligible predators in planktonic food webs
(Callieri et al. 2002; Pickup et al. 2007). Up to 97% of
carbon flux depended on flagellates and ciliates but not
amoebae in a lake ecosystem (Callieri et al. 2002). In
aerobic terrestrial environments, however, amoeboid proto-
zoa might be essential players in the transfer of carbon and
energy in the microbial food web (Murase et al. 2006;
Murase and Frenzel 2007).

The predation relationship shapes the composition of
microorganisms within the microbial food web (Tittel et al.
2003). The formate-based phototrophy leads to apparent
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Fig. 7 Phylogenetic tree analy-
sis showing the relationship of
eukaryotic 18S rRNA genes of
PCR-DGGE fingerprints in

Fig. 6 to the closest relatives in
the GenBank. All other
designations are the same as
those in Fig. 5

Uncultured Cercozoa  AM114800

DGGE Band-4 (13C) AB526176
Uncultured Banisveld eukaryote clone
Uncultured Banisveld eukaryote clone
DGGE Band-6 (12C) AB526178
Uncultured Banisveld eukaryote clone
Cerce la envire tal sample clone
DGGE Band-5 (13C) ABS526177
Oxytrichidae environmental sample clone  EF024853
Cercozoa environmental sample clone  EF023523
DGGE Band-2 (13C) AB526174
Eimeriidae environmental sample clone
DGGE Band-3 (13C) ABS526175
Uncultured eukaryote clone  EF025030
DGGE Band-1 (13C) AB526173

EU091844
EU091827

EU091848
EU647174

Cercozoa
EF024879

DGGE Band-7 (13C) AB526179
Cercomonas  AF411271
DGGE Band-15 (control} AB526187

r DGGE Band-22 (labeled)

AB526194

Sewtinostroma alutum
_£ DGGE Band-17 (labeled)
Asterostroma andinum

TPithophora sp. Kamigori  AB062713

AB526190

DGGE Band-18 (13C)
IE Humulus lupulus ~ AF223066
Solanum lycopersicum  AC215459

Scenedesmus vacuolatus  X56104
DGGE Band-13 (labeled) ABS526185
DGGE Band-12 (labeled) ABS26184
Scenedesmaceae  AY197639
DGGE Band-14 (labeled) ABS26186

AF026607
Fungi

AB526189
Arachnula  EU273440
_#DGGE Band-11 (labeled)

Algae

AB526183

AF518571
DGGE Band-8 (labeled) AB526180

[ DGGE Band-9 (labeled) AB526181 Amoebozoa
DGGE Band-10(12C) AB526182
DGGE Band-16 (labeled) AB526188

Flamella arnhemensis  EU186022

E DGGE Band-19 (control) AB526191
Chaetonotus neptuni ~ AM231774

0.02

changes in bacterial and eukaryotic communities in paddy
soil, when compared to those in the control without
formate. A positive response to formate treatment was
observed for bacteria affiliated with A. transvaalensis and
Firmicutes bacteria, compared to a negative response for
Nitrospirae bacteria. The underlying cause of these obser-
vations might be the selective grazing pressure of certain
protozoa triggered by formate-based phototrophy (Renn et
al. 2002; Murase et al. 2006). In contrast, primary
consumers of amoebae-like organisms dominated the
eukaryotic community, and they can be affected by formate
phototrophy to a much less extent (Fig. 6a). This might be
attributed to the availability of their prey and little change
in niche during formate-based phototrophy. Additionally,
Crustacea protozoa actively assimilate methane-derived
carbon in rice soil under darkness (Murase et al. 2006;
Murase and Frenzel 2007). In this study, since DGGE
bands 1 to 7 (see Fig. 6a, affiliated with Cercozoa group)

DGGE Band-23 (control)  AB526195
E Streptocephalus torvicornis ~ AJ238081
Branchipus schaefferi  AJ238068

DGGE Band-21 (12C) AB526193
Heterocypris incongruens  EU370424
Tlyocypris japonica  AB076616
DGGE Band-20 (control) AB526192
Hlyocypris angulata AY622192

Crustacea

were only detected in “light” DNA fractions unanimously,
we concluded that Cercozoa is isolated from phototrophy-
based microbial loop.

At a fine resolution with individual microorganism
identities, DNA-SIP analysis unequivocally leads to a
conceptual model (see Fig. 1) for the phototrophy-driven
microbial loop in paddy soil, on the basis of formate carbon
metabolisms. It indicates that the microbes in a food
network can be categorized into two groups. Primary
producers (such as purple phototrophic bacteria, cyanobac-
teria, and algae) harvest light energy to assimilate organic
or inorganic compounds, and consumers (including amoe-
bozoa and fungi) grow on the biomass and/or metabolites
of phototrophic microorganisms. They together form a
complex microbial food web in the rice soil. This microbial
food chain is distinct from methane-driven microbial loop
in darkness (Murase and Frenzel 2007). In darkness,
methane carbon in paddy soil is assimilated by soil
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protozoa ranging from ciliate, flagellate, to amoeba. This
observation implies that the predation relationship between
protozoa and primary producing microorganisms is far
more complicated in natural environment than in culture
(Dillon and Parry 2009). In addition, the selective grazing
pressure of certain protozoa on prey shapes the structure of
bacterial populations in soils. This could further provoke
more complicated carbon flux, such as the biomass
decomposition of the aged eukaryotes (Hahn and Hofle
1998; Jiirgens and Matz 2002). The elucidation of both top-
down and bottom-up effects of organisms in sustaining the
carbon and energy flow would be of great help toward a
better understanding of soil productivity.
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