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Cultivation-independent techniques like PCR-amplifi ed restriction fragment length polymorphism (PCR-
RFLP) of 16S rRNA genes and real-time PCR were appl ied to assess the abundance, diversity and 
phylogenetic composition of Anaeromyxobacter communities over time in flooded, unplanted paddy 
soil slurries. Six Anaeromyxobacter communities were sampled from anoxic slurries at 1  h, and 1, 5, 10, 
20 and 30 days while the Fe (II) concentrations wer e measured also. Bacterial Genomic DNA was 
extracted and PCR-amplified to obtain 16S rDNA frag ments of Anaeromyxobacter which were cloned to 
construct 6 16s rDNA libraries. Eventually 10 major  Anaeromyxobacter types were identified by RFLP 
fingerprintings. Results showed that the optimal in creasing phase of Fe (II) was from 1h to nearly 10 
days, being correspond with the growth phase of the  abundance of Anaeromyxobacter. The highest 
diversity appeared in slurry at 30 days and the low est was found at 30 days. Jackknife Environment 
Clusters by UniFrac showed that phylogenetic compos itions of Anaeromyxobacter communities in 
slurries at 10 and 20 days were the most similar. B y evolutionary distance analysis, our 10 major 
Anaeromyxobacter types were diverged into Group 1 and 2 in phylogen etic tree, while Group 1 was the 
exclusive collection of clones from our experiment.  Major type P1 was present in all slurries abundant ly 
and P9 only existed in slurry at 5 days. The abunda nce of Anaeromyxobacter spp., calculated as its 
proportion of 16S rDNA copies to the value of total  Bacteria, was from 0.242% at 1 h to 5.135% at 10 
days. We demonstrated that flooding time led to suc cessional dynamics of major types and variable 
abundance of Anaeromyxobacter community. Flooding time also influenced the diver sity of 
Anaeromyxobacter community on some extent. Canonical correspondence  analysis (CCA) revealed that 
Anaeromyxobacteria spp. abundance had interrelation with Fe (II) cont ent and the influenced the 
distribution of the slurries in the Biplot. Moreove r, our study provides valuable information for the 
further isolation of Anaeromyxobacter strains from paddies.  
 
Key words: Anaeromyxobacter; paddy soil, community structure, abundance, PCR-RFLP, flooding time. 

 
 
INTRODUCTION 
 
Anaeromyxobacter spp., as gram-negative bacteria, is 
considered to be a unique member of the order of 
Myxococcales (mycobacteria). Anaeromyxobacter 
species were found to be process anaerobic and 
microaerophilic lifestyles, whereas all other identified 
mycobacteria were characterized as obligate microbes. 
Being  able  to  deriving  energy from dissimilatory Fe (III)  
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reduction (Sanford et al., 2002; He and Sanford, 2003), 
Anaeromyxobacter species also are of great anaerobic 
respiratory versatility by coupling the oxidation of acetate 
or hydrogen and the reduction of a wide range of 
compounds such as organic halide, soluble and 
amorphous, nitrite, nitrate, fumarate, humus, and oxygen 

(He and Sanford, 2002). All these physiological properties 
allow Anaeromyxobacter spp. to be considered as the 
microorganism being capable of bioremediation in the 
contaminations of halogenated compounds (He and 
Sanford, 2002 and 2003; Thomas et al., 2009), U (VI) 

(Wu et al.,  2006;   Sanford  et  al.,  2007;  Marshall et al.,  
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2009; Thomas et al., 2010), Tc (VII) (Marshall et al., 
2009) and Se (IV) (He and Yao, 2010) in the sedimentary 
environment, whereas the full mechanism of these 
processes and the exploitation and domestication of 
engineering Anaeromyxobacter strain for practical 
utilization still require further study.   

Various uncultured and few cultured members of 
Anaeromyxobacter were found in contaminated sedi-
ments, garden compost, and estuarine sediments (Cole 
et al., 1994; Wu et al., 2006; Lin et al., 2007; Thomas et 
al., 2009;). However, very few reports focused on this 
genus in flooding paddy soil, where anaerobic Fe (III) 
reduction acts as the second most important electron sink 
(Yao et al., 1999) and thus would be an ideal habitat for 
Anaeromyxobacter. To date, few Anaeromyxobacter 
strains like Anaeromyxobacter sp. FAc12, an iron 
reducing bacteria also as an acetate oxidizer, was 
isolated, revealing the existence of more uncultured 
Anaeromyxobacter spp. around the rice rhizosphere 
(Treude et al., 2003). Furthermore, Hori et al. (2007) 
indicates Anaeromyxobacter spp., which can outcompete 
with methanogen for acetate in low concentration, is one 
of the dominant Fe (III) reducers in paddy soil amended 
with goethite. Flooding has been confirmed to have 
obvious effects on the soil properties and thus its 
microbial communities such as the decrease of microbial 
biomass, aerobic bacterial, gram-negative bacteria and 
gram-positive bacteria markers (Reichardt et al., 2001; 
Gelsomino et al., 2006; Unger et al., 2009). Lüdemann 
(2000) and Noll (2005) described the spatial and temporal 
shifts in the bacterial community structure in flooded 
paddy soil, respectively. But no information is available on 
the community structure of Anaeromyxobacter species 
and their successional dynamics in flooding paddy soil, 
as well as their abundance variation. As a microbial 
species play potential roles in the Fe (III) reduction and 
the degradation of possible contaminant in paddy soils, 
more knowledge about Anaeromyxobacter spp. are still 
require for exploration.  

As an effort to extend our knowledge about the 
environmental function of the Anaeromyxobacter spp. in 
paddy soil, we visited the anaerobic paddy soil slurry in 
different flooding stages, tried to elucidate the following 
questions: How does Anaeromyxobacter community and 
abundance change over flooding time or will they shift a 
lot? Can the slurries of different time reflect some 
expected clustering among themselves based on the 
environmental factors? What is the correlation between 
Anaeromyxobacter spp. and microbial Fe (III) reduction in 
flooding paddy soil? Also, these answers may benefit us 
for the further isolation and identification of 
Anaeromyxobacter spp. from flooding paddy soil. In this 
study, we adopted 16S rDNA gene as an operational 
taxonomic unit (OUT) (Sjoling and Cowan, 2003) to 
analyze microbial community, while RFLP (Sergio et al., 
2004) patterns which generated by restriction enzyme 
digestion and sequencing information were employed  to  

 
 
 
 
perform bacterial clone library analysis (Haddad et al., 
1995; Oliver et al., 2005). The fingerprints visualized the 
composition of the Anaeromyxobacter community, 
allowing for a rapid comparison of samples varying over 
time (Michael et al., 2003). We also designed and applied 
an real-time PCR approach to characterize and monitor 
the Anaeromyxobacter abundance in flooding incubations 
of different times. 
 
 
MATERIALS AND METHODS 
 
Soil sampling  
 
Soil was taken from drained paddy field after harvesting, 
Longtanduncun in Fangqiao (29°46 ′N, 121°27 ′E), located in 
Fenghua, Zhejiang, which belongs to the double cropping area in 
southeast China. Soil sample was collected from the top 20 cm, 
removed the plant residual, air-dried, ground, and passed through a 
2 mm sieve. Considering reproducibility issues and biotic error, we 
sampled at 7 different places in the field, and pooled soil cores for 
subsequent incubation. Soil sample was kept in polyvinylchloride 
bottles at room temperature. The organic matter content in the soil 
sample was 54.7 g kg–1, the pH was 5.5 (in 5 parts H2O to 1 part 
soil), amorphous iron concentration was 6.2 g kg–1, and free iron 
concentration was 10.4 g kg-1. 
 
 
Slurry incubation and Fe (II) measurement 
 
Three gram soil was mixed with sterilized deionized water at a ratio 
of 1:1 (wt / vol) in a 10 ml sterilized serum bottle. Oxygen was 
removed by gassing nitrogen into the bottle at a ratio of 2 L/min 
(1.01×105 Pa) for 1 min. All the bottles were sealed with butyl 
rubber cover and aluminum cap and then incubated at 30°C in the 
dark. Three microcosms for each treatment were homogenized and 
destructively sampled. Samples for the immediate Fe(II) 
measurement were taken from triplicate slurry incubations after 
flooding of 1 h and 1, 5, 10, 20, and 30 days, while another 3 
samples were simultaneously sampled, pooled and stored under -
20°C for the molecular analysis. The determination o f Fe (II) content 
and Logistic and the simulation of the relationship between Fe (II) 
accumulation and incubation time in each treatment were using the 
standard procedure (He and Qu, 2008).   
 
 
Extraction of total DNA  
 
DNA was directly extracted from 3 g paddy soil slurry by the 
protocol of Zhou (1996) with a few modifications. Every time 0.3 g 
soil slurry was ground with the presence of liquid nitrogen and the 
produce was transferred to clean tube for DNA extraction. This 
process was repeated for 10 times and all the extracted DNA were 
mixed together. PCR inhibitors like humid acid in the raw DNA 
extraction was separated by electrophoresis using 0.8% agarose 
gel under 70 V for 30 min. Purified DNA was then recycled from the 
gel by TIANgel Midi Purification Kit (TIANGEN Biotech Co. Ltd., 
Beijing).  
 
 
Construction of 16S rRNA gene clone library  
 
Anaeromyxobacter spp. specific primers FAc12-66F (5'-CGA GAA 
AGC CCG CAA GGG-3') and FAc12-432R (5'-CGT CCC TCG CGA 
CAG TGC-3') (friendly offered by Prof. Schnell, Applied 
microbiology, Giessen University) were used  to  amplify  16S  rRNA  



 
 
 
 
gene fragments (~366bp). PCRs was performed in a 50 µl mixture 
containing 1.0 µl of each forward and reverse primers (10 µmol·L-1), 
1.0 µl template DNA, 2.0 µl DMSO, and 20.0 µl Premix Taq DNA 
polymerase (TaKaRa Biotechnology Co. Ltd., Dalian). Cycling 
conditions included: an initial denaturation at 94°C  for                         
5 min; 15 cycles of a denaturation step at 94°C for 30 s and a 
Touch-down PCR; an extension step at 72°C for 40 s. Touch-down 
PCR conditions were used for the initial annealing temperature of 
65 for 30 s with a decreasing temperature step of 0.5°C every two 
cycles until the final annealing temperature reached 60°C. Amplified 
fragments were purified with Universal DNA Purification Kit 
(TIANGEN Biotech Co. Ltd., Beijing) and ligated into pGEM-T easy 
vector (Promega, Beijing). The ligation products were transformed 
into Escherichia coli JM109 competent cells. Transformants were 
spread on LB agar containing ampicillin (100 µg ml−1), 40 µl of 20 
mg ml−1 of X-Gal and 160 µl of 200 mg ml−1 of IPTG, then about 200 
positive white clones were randomly picked and rRNA gene inserts 
were confirmed using PCR with universal primers M13F (5’-
CGCCAGGGTTTTCCCAGTCACGAC-3’) and M13R (5’-
GAGCGGATAACAATTTCACACA GG-3’). Thus six 16s rRNA gene 
libraries corresponding to each slurry were constructed. 
 
 
RFLP and diversity analysis 
 
The FAc12-66F and FAc12-432R – screened positive colonies PCR 
products were digested with restriction endonucleases Mnl I and 
Msp I at 37°C for 6 h. Digested RFLP fragments were sepa rated on 
a 12% polyacrylamide gel running in 1×TBE buffer at 120 V for 
approximately 2 h. Electrophoresis map was available after silver 
staining. Fragments shorter than 50 bp were not taken into 
consideration because of their being close to the detection 
threshold. Clones with the same RFLP patterns were regarded as 
one OTU. Library clone number and OUT number were imported 
into an online tool to evaluate the library size by coverage and 
predicted numbers of phylotypes (Kemp and Aller, 2004, 
http://www.aslo.org/lomethods/free/2004/0114a.html). In addition, 
Alfa-diversity indices including Shannon’s index (H') (Spellerberg 
and Fedor, 2003), Simpson’s index (Ds) (Hunter and Gaston, 1988) 
and Margalef index (DMa) (Margalef, 1958; Magurran, 2004) were 
calculated to reflect the community diversity of Anaeromyxobacter 
spp. We also evaluated the niche breadth of the major 
Anaeromyxobacter spp. types that give indications of the number of 
resources they exploited and their environmental frequencies 
(Ludwig and Reynolds, 1988) by using the equations developed by 
Levins (1968) and Colwell (1971). 
 
 
Sequencing and phylogenetic analysis 
 
One or two representative clones of dominant OTUs were 
sequenced (GenScript Biological Technology Co., Ltd., Nanjing) 
and the presence of possible chimeric sequences was investigated 
by using the CHIMERA_CHECK program of the Ribosomal 
Database Project (RDP) II. Through NCBI BLASTN searching, 
closest relatives to our clone sequences were extracted. The 
obtained sequences were manually proofread and corrected if 
necessary, edited, and aligned using All sequences were aligned by 
ClustalX (version 1.83) and phylogenetic tree was constructed by 
Evolutionary Genetics Analysis (MEGA4.0) software using 
neighbor-joining method. Robustness of derived groupings was 
tested by bootstraping 1,000 times. The Newick file of phylogenetic 
tree was submitted to the Unfrac site (http://128.138.212.43/cgi-
bin/fastunifrac/fastunifrac_search.py/handle_prepro?action=display, 
(Lozupone and Knight, 2005; Lozupone et al., 2006) for Unifrac 
significance computation and Jackknife Environment Clustering.  
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Abundance detection 
 
Real-time PCR was employed to measure the 16S rRNA gene 
copies of Anaeromyxobacter spp. and total Bacteria with primers 
FAc12-66F (5'-CGA GAA AGC CCG CAA GGG-3') / FAc12-432R 
(5'-CGT CCC TCG CGA CAG TGC-3') (Treude et al., 2003) and 
COM1 (5'- CAG CAG CCG CGG TAA TAC -3') / COM2(5'- CCG 
TCA ATT CCT TTG AGT TT -3') (Schwieger and Tebbe, 1998) 
respectively. For a comprehensive and clear comparison, we 
applied the abundance of Anaeromyxobacter spp. as the proportion 
of its 16S rRNA gene copys to that of Bacteria in corresponding 
incubation. Reaction mixture (50 µl) contained 12.5 µl SYBR® 
Premix EX TaqTM ІІ (TaKaRa Biotechnology Co. Ltd., Dalian) 0.5 µl 
of each forward and reverse primers (10 µmol·L-1), 2.0 µl template 
DNA, and 25.0 µl steriled, nuclease-free water. Master mixture was 
prepared prior to the addition of DNA template. The optimal primer 
conditions were determined experimentally by using the protocol 
provided with the master mixture. The tube containing the master 
mix was vortexed to assure a homogeneous solution and briefly 
spun down in a microcentrifuge. Cycling conditions included: an 
initial denaturation at 95°C for 3 min; 40 cycles of a denaturation 
step at 95°C for 30 s, annealing at 55°C for 30 s, and extends at 
72°C for 35 s; an melting step at 75 to 95°C for 40 s. Calibration 
curve was prepared as follows: constructing recombinant containing 
the amplified 16S rRNA gene fragment of Anaeromyxobacter spp. 
and transforming into JM109, extracting the recombined plasmid 
DNA, determining its concentration, calculating the copy number 
according to the equation described by Kolb et al. (2005), diluting 
plasmid DNA in 10-times serial and taking as templates for real-time 
PCR, determining the copy numbers and generating the standard 
curve. Reaction mixture without DNA template was taken as 
negative control. All tubes were maintained on ice and in the dark 
during transport to the spectrofluorimetric thermal cycler (Bio-Rad 
CFX96TM, Bio-Rad). Significance tests of Data sets were dealt with 
the Statistical Package for Social Science (SPSS 13, SPSS Inc., 
Chicago, IL, USA) with default settings.  
 
 
Canonical correspondence analysis  
 
Canonical correspondence analysis (CCA) is the most widely used 
multivariate technique for constrained ordination (Zhu et al., 2005). 
In our study, primary analysis showed some relations between the 
samples and the environmental factors were nonlinear. A CCA 
using CANOCO 4.5 with Monte Carlo permutation test based on 
499 random permutations (Ter Braak and Šmilauer, 2002) was 
therefore used to summarize the data set and to evaluate the 
expected relationships between the clustering of samples and their 
environmental factors including Fe (II) concentration, 
Anaeromyxobacter abundance and Shannon’s diversity index. 
Species data was square root-transformed. The results of the 
analyses were visualized in the form of biplot using the Canodraw 
for Windows program (Ter Braak and Šmilauer, 2002).  
 
 
RESULTS 
 
Ferrous iron accumulation  
 
Along with flooding time, the concentration of Fe (II) 
obviously increased from 1 h to 8 days and reached the 
plateau after 15 days (Figure 1). The dynamics of ferrous 
iron in treatments were well fitted by logistic models, 
which showed that the maximum Fe (III) reduction 
potential (Vmax) was 8.27 mg·g-1 and the corresponding 
time  of  the  Vmax (TVmax)  was  3.36  days.   Since   Fe(III)  
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Figure 1.  Variation of Fe (II) concentrations in anaerobic paddy soil slurry over 
flooding time. 

 
 
 
Table 1.  α diversity indices of Anaeromyxobacter spp. 16S rDNA gene in six flooded paddy slurries. 
 

Treatment OTU number/total 
clones 

Coverage 
value (%) 

Diversity index 
Shannon index ( H'.) Simpson index  (Ds) Margalef richness index Dma) 

1 h 43/173 89.60 3.0517 0.9174 8.3442 
1 days 42/165 86.06 2.9570 0.8978 8.2257 
5 days 43/198 86.87 2.8358 0.8852 8.1312 
10 days 49/165 84.24 3.2213 0.9296 9.5967 
20 days 39/164 84.15 2.6692 0.8802 7.6473 
30 days 45/133 80.45 3.2448 0.9391 9.2018 

 
 
 
reduction in anoxic sedimentary environment is confirmed 
as an enzymatic process related to the growth and 
activity of relative Fe(III) reducers (Lovley, 1991; Lovley et 
al., 2004), the accumulation of Fe(II) here also clearly 
reflected the growth of some microbes. 
 
 
RFLP analysis of 16S rDNA library 
 
A total 998 16S rDNAs clones of 6 samples were 
analyzed by PCR–RFLP with restriction enzymes Mnl I 
and Msp I, whereby 261 unique RFLP fingerprints 
(operational taxanomical unit, OTU) were identified 
(Table 1). Representative clones of major OTUs were 
sequenced. Sequences were deposited in Genbank with 
the following accession numbers: JF897864 - JF897922. 
Following statistics analysis of RFLP lined the treatments 
of different flooding time in a decreasing order based on 
their OTU numbers as: 49 at 10 days, 45 at 30 days, 43 
at 1 h, 43 at 5 days, 42 at 1 day, and 39 at 20 days (Table 
1). Single OTU, whose band pattern appeared only once, 
showed  different  proportion  to  total   OUT   in   flooding 

incubation over time (Figure 3). Treatment of 30 days 
contained the highest proportion of single OTU as 
19.55%, followed by 15.85% of 20 days, 15.76% of 10 
days, 14.46% of 1 day, and 13.13% of 5 days while the 
lowest proportion 10.40% was found in sample of 1 h.  

Considering all the OTUs information and the 
convenience for describing, major OTUs were selected 
as the ones whose individuals to total clones were 
greater than 5.5% in our study and 10 major 
Anaeromyxobacter types were consequently generated 
and designated as P1 to P10 (Figure 2), while the propor-
tion and distributions of these major Anaeromyxobacter 
types in each library were uneven and discontinuous. The 
phylogenetic status of these major OTUs will be 
described later in the study. 

Coverages of 6 rDNA libraries ranged from 80.45 to 
89.60% (Table 1), indicating that the clones used from 
each library’s screening could well cover the diversity of 
16S rRNA genes of Anaeromyxobacter spp. Flooding 
treatments were ordered decreasingly as 30 days > 10 
days > 1 h > 1 day > 5 days > 20 days according to their 
diversity  indices  of  Shannon  (H'.)  and   Simpson   (Ds)  
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Figure 2.  The OTUs frequency of Anaeromyxobacter 16S rRNA gene in paddy soil slurry of different flooding time. 
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Figure 3.  Predicted number of phylotypes versus size of subsamples of six libraries of different flooding time. Each point is 
the mean of 10 replicate subsamples of the library. 

 
 
 
while the order would be 10 days > 30 days > 1 day > 1 h 
> 5 days > 20 days based on Margalef richness index 
(DMa) (Table 1). Phylotypes number prediction (Figure 3) 
showed 16s rDNA libraries could also reflect the 
difference on the maximal potential Anaeromyxobacter 
community diversity caused by flooding time, in which the 
Anaeromyxobacter species in slurries of 1, 5 and 20 days 
were more active on the emerging of new types.   

Previous studies (Cole et al., 1994; He and Sanford, 
2003; Treude et al., 2003) have demonstrated that 
Anaeromyxobacter spp. could grow optimally without 
oxygen at all. He and Sanford (2003) also found that as a 

strategy for A. dehalogenans 2CP-C to access crystal Fe 
(III) oxides, anthraquinone 2, 6-disulfonate (AQDS), as a 
humic acid analog, could be utilized as electron shuttle, 
which suggested that humic acid could enhance the 
reduction of crystal Fe (III) oxides. Generally, crystal Fe 
(III) oxides are comparatively low in bioavailability, thus 
will be left as potential resource of Fe (III) reduction in 
slurry at the late flooding stage. Thirty days flooding could 
assure the complete depletion of the oxygen and organic 
material, leave comparatively stable content of humic 
acid in slurry and therefore motivated the growth and 
division    of    the    Anaeromyxobacter   community.  The  
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Table 2.  Unifrac significancea (P) of Anaeromyxobacter communities in slurries of different flooding time with 
number of permutations set to 100. 
 

Treatment 10 days 1 days 1 h 20 days 30 days 5 days  

10 days 0 0.92 0.14 0.71 0.52 0.67 
1 days 0.92 0 0.44 0.64 0.36 0.08 

1 h 0.14 0.44 0 0.99 0.12 0.01 
20 days 0.71 0.64 0.99 0 0.1 0.15 
30 days 0.52 0.36 0.12 0.1 0 0.2 
5 days 0.67 0.08 0.01 0.15 0.2 0 

 
 
 

 
 
Figure 4.  Result of running Jackknife environment clusters based on the phylogenetic information in slurries of different 
flooding time. The environment abbreviations are the flooding incubations of specific time points where the sequences were 
retrieved, in which the “F” means flooding, “h” and “d” represents “hour” and “day” respectively. Each node is colored by the 
fraction of times it was recovered in the jackknife replicates. Nodes recovered >99.9% of the time are red, 90–99.9% are 
yellow, 70–90% are green, 50–70% are blue, and < 50% are grey.  

 
 
 
diversity and richness of Anaeromyxobacter community 
decreased in slurry incubation from 1 h to 5 days (Table 
1). However, this slight change indicated an enrichment 
of some specific members of Anaeromyxobacter spp. 
leaning to take amorphous ferric as electron acceptor and 
being facultative anaerobic when there are still 
amorphous ferric and partial soluble oxygen in the soil at 
initial flooding stage. The fluctuation of diversity observed 
in later flooding stage require for further study.  
 
 
Phylogenetic comparison of Anaeromyxobacter 
community 
 
UniFrac analysis, based on phylogenetic information, was 
performed to directly compare how similar or dissimiliar 
Anaeromyxobacter communities were in slurries of 
different flooding time. By testing each pair of flooding 
incubations, no highly significant difference was found 
(Table 2). Only the flooding incubations of 1 h and 5 days 
showed significant (P = 0.01) difference between their 
Anaeromyxobacter community compositions. There were 
suggestive differences (P = 0.09) between the 
Anaeromyxobacter communities of 1 and 5 days flooding 
incubations, as well as between incubations of 20 and 30 
days old (P = 0.1). This supposed to be prospective, 
considering that we observed the Anaeromyxobacter on 
genus level using specific primers and thus avoided the 
possible huge variations when analyzing the whole 
Bacteria (Noll, 2005; Valenzuela-Encinas et al., 2009). 
However,  the  marginally  significant  difference (between 

samples of 1h and 5 days) and suggestive differences 
(between 1 h and 30, 5 and 20 days) of 
Anaeromyxobacter community structures, on some 
extent, suggested the existence of community regulation 
by Anaeromyxobacter itself adapted to the environmental 
variation over flooding periods. 

Using Jackknife Environment Clustering in UniFac, we 
cluster the slurries of different flooding time (Figure 5). 
The clustering suggested that the flooding time had 
certain control on the Phylogenetic constitution in slurries. 
Sequences from the slurries of 1 h, 1, 10 and 20 days old 
were more similar to each other than they were to 
sequences from slurries at 5 and 30 days, since they 
clustered together to the exclusion of the 5 and 30 days 
slurries and was highly supported (> 99.9% of the time). 
Slurries at 10 and 20 days fell together as a group, as 
well as incubations of 5 and 30 days, both of which were 
supported > 50% of the time. Slurry at 1 day was close to 
the group contained slurries of 10 and 20 days, while 1 h 
slurry was excluded from the former three samples, 
whereas the lack of bootstrap support (< 50%) indicated 
that more sampling would be required for confidence in 
this result. Apparently, phylogenetic compositions in 
slurries could be gathered according to the flooding 
periods they belonged to (Figure 4). This observation 
shared some common trait with Noll’s (2005) work that 
the shift of microbial community was in different manner 
at different flooding stage. Three phases were given in 
Noll’s (2005) report, including phase I (1 h to 2 days), 
Phase II (2 to 21 days) and Phase III (21 to 168 days), 
while  three  clusters  were  also  displayed  in  our  study.   
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Figure 5.  Successional dynamics of major types of Anaeromyxobacter in paddy soil slurries over flooding time. 

 
 
 
This might just be coincidence, but allow us to assume 
that the environmental conditions, changing with the 
increasing flooding time, selected Anaeromyxobacter 
spp. by their adaptability and thus decided their com-
munity structure. Furthermore, our result of CCA suppor-
ted this assumption, confirming that the environmental 
factors like Fe (II) content and Anaeromyxobacter 
abundance and its diversity influenced the grouping of 
slurry based on flooding time (Figure 7). 
 
 
Successional dynamics of major Anaeromyxobacter 
communities and their niche breadth analysis 
 
P1(red bar) was apparently visualized as increasing from 
1 h to 5 days and decreasing in the rest time, while it was 
the biggest Anaeromyxobacter type in all slurries except 
for the one at 20 days (14.02%). P6, as the second stable 
type, kept its population size in all slurries averagely as 
9.54% and showed an increase from 1 day (6.06%) to 20 
days (11.59%) and then slight fell to 10.53% at 30 days in 
spite of its subtle declining from 1 h to 1 day. Type P7 and 
P10 were quite different in growth trend, as the former 
decreased from 1 h (7.51%) to 5 days (2.02%) and 
increased from 5 days to 20 days (20.12%) then again 
fell to 2.26% at 30 days, while the latter was firstly 
increased by almost 9 times to 10.91% as the second 
higher type at 1 day and kept on falling to 1.83% at 20 
days then increased again to 11.28% at 30 days. It 
seemed there was kind of competitive relationship between 

them. As the second higher Anaeromyxobacter type 
(12.72%) at 1 h, P2 was then staying low as 3.57% on 
average during 1 day to 10 days and was the highest 
(20.12%) at 20 days like P7, but downsized to 4.51% at 
30 days. Both P3 and P4 existed at a comparative low 
level around 2.79 and 2.93% on average during 1 h to 20 
days and grew to 6.77 and 8.27% at 30 days, 
respectively. The highest population size of P8 was 
observed at 1 h as 8.09% and lived as minor type in the 
rest days. P5, as the type undetected at 1 hour, was only 
relatively higher at 5 days (5.56%) and quite low at other 
times (1.29% on average). Strikingly, P9 was only found 
and ranked the third in population size (9.09%) in slurry 
at 5 days. 

The diversity data (Table 1) and data of 16S rDNA copy 
number (Table 4) suggested that the principles of r- and 
K-selection (Andrews et al., 1986) can be applied to the 
succesional dynamics of major Anaeromyxobacter types 
in slurry. For instance, The highest diversity value and 
the comparatively lower 16S r RNA gene copy numbers 
(1.748 × 105 ± 1.050 × 105 copies·g-1 dried soil) at 30 
days (Table 4) enabled us to refer that the 
Anaeromyxobacter species preferred to keep population 
by maintaining species rather than by ensuring individual 
numbers in this stage. This assumption fitted well to 
describe K- selection (Andrews et al., 1986) microbes. In 
the contrast, the diversity value of Anaeromyxobacter 
spp. in 20 - days slurry was the lowest (H'. = 2.6692; Ds = 
0.8802; Dma = 7.6473) while its absolute 16S r RNA gene 
copy numbers was the  highest  as  6.162 × 105 ± 1.403 ×   
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Figure 6.  16S rRNA gene-based phylogenetic tree of environmental clone sequences of major 
Anaeromyxobacter types with Neighbor-Joining method. Bootstrap values of >50% (1000 replications) 
were shown at the branches, GenBank accession numbers of candidate sequence were in the 
parentheses, the boldfaces indicated clone sequences obtained in this study. The scale bar represents 
0.001 sequence divergence.  

 
 
 
105 copies·g-1 dried soil, which indicated that the 
Anaeromyxobacter spp. in this condition inclined to 
proliferate more individual within a less species, as the 
performance of r- selection microbes. At the initial 
flooding stage (1 h to 5 days), a comparative plenty of 
carbon resource and ferric oxides facilitated the fast 
increase of Anaeromyxobacter spp. adopting r-selection 
and thus resulted in the appearance of major types like 
P1 and P6. During the late stage of flooding (10 to 30 

days), with the consumption of acetate to its plateau 
(Peng et al., 2008), the competition for electron donors 
aggravated, and then species of K-selection would 
replace the species of r-selection subsequently. As 
observed, being possible K-selection models, P3 and P4 
increased their proportions in slurry at 30 days after 
staying on a low level, while the proportion of P1 and P6 
decreased a little.  

However,  resource  exploitation  capabilities  of   major
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Figure 7.  CCA Biplot based on a canonical correspondence analysis of the slurries of different 
flooding time with respect to the environmental factors (arrows). (Fe, the content of Fe (II); H, 
Shannon’s index; A/B, Anaeromyxobacteria abundance). The magnitude of variation between 
the environmental factors is depicted in a two-dimensional space. The plot represents 100% of 
the original variation in the data; axis 1 and 2 explain 85.5 and 13.9 % of this variation, 
respectively. Empty circles 1 to 6 represent the slurries of 1 h, 1, 5, 10, 20 and 30 days old. 
Monte Carlo permutation test on significance of all canonical axes showed P = 0.002. 

 
 
 
Anaeromyxobacter types adjusted to environmental 
availability during flooding incubation were measured by 
Levins’ and Shannon-Wiener’s indices of niche breadth 
and identical results were showed (Table 4). In major 
Anaeromyxobacter types, P6 had the highest niche 
breadth value while P1, P3 and P4 were relatively higher 
(BL = 5.041 ~ 5.255; BS = 1.707 to 1.720). P9 possessed 
the lowest niche breadth (BL = 1; BS = 0) and P5 (BL = 
1.352; BS = 0.429) was slightly higher than P9. Niche 
breadth or niche width is a concept underlying several 
hypotheses in evolutionary ecology (Feinsinger et al., 
1981). Abiotic and biotic factors are considered to modify 
niche breadth in ecological and evolutionary terms 
(Feinsinger et al., 1981), and the evaluation of niche 
breadth depends on the variety of resources available 
and their selection by the consumer (Petraitis, 1979). 
Thus, niche breadth quantifies the degree of 
specialization presented by a species relative to resource 
availability. So P6, P1, P3 and P4, which might use a 
wide variety of resources, were more competitive than 
others in adapting to the environment variation and 
expanding their  existence  to  the  whole  flooding  period 

with more individuals. P9 and P5, in our observation, 
behaved as specialists that appeared only in one or few 
certain flooding period. In addition, phylogenetic 
identification showed that type P1 was closely related to 
sequences that covered from soils amended with goethite 
or acetate (Figure 7) (Hori et al., 2010). This also 
explained why P1 was so widely and abundantly 
distributed during the whole flooding incubation and 
supported the niche breadth analysis. Major type P9, the 
one only appeared in slurry at 5 days was closely related 
to sequence retrieved from paddy soil of Italy (Hori et al., 
2010). This suggested the existence of specific 
Anaeromyxobacter spp. in paddy soils from different area 
and the comparison of Anaeromyxobacter communities in 
various paddy soils would benefit us on isolating new 
strains. 
 
 
Phylogenetic analysis of major Anaeromyxobacter 
types 
 
One or two clones of major Anaeromyxobacter types  (P1  
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Table 3.  Niche breadth of major Anaeromyxobacter types during flooding incubation. 
 

Niche breadth index ( B) 
Number of major type 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 
Levins (BL) 5.255 3.691 5.161 5.041 1.352 5.673 3.803 4.944 1 4.403 
Shannon-Wiener (BS) 1.720 1.512 1.713 1.707 0.429 1.762 1.525 1.685 0 1.587 

 
 
 
Table 4.  16S rDNA copies of Anaeromyxobacter and Bacteria in slurries of different flooding time. 
 

Flooding treatment 
16S rDNA copies·g -1dried soil 

Anaeromyxobacter Abundance ( A/B) (%) 
Anaeromyxobacter (×105) Bacteria (×108) 

1 h 1.150±0.710 d 4.744±0.157 a 0.024 
1 days 1.743±0.508 c 6.917±2.220 a 0.025 
5 days 2.137±0.505 b 0.560±0.039 b 0.356 

10 days 2.159±0.399 b 0.420±0.069 b 0.514 
20 days 6.162±1.403 a 5.292±0.110 a 0.116 
30 days 1.748±1.050 c 0.615±0.047 b 0.284 

 
 
 
to P10) derived from RFLP profiling were chosen for 
sequencing and evolutionary distance analysis (Figure 6). 
Phylogenetic tree showed that major Anaeromyxobacter 
types detected in this study were affiliated with the clone 
sequences from anoxic flooding paddy soils of 
Anaeromyxobacter which was capable of assimilating 
acetate and dissimilatorily reducing Fe (III) (Hori et al., 
2007; Hori et al., 2010). Phylogenetic placement 
confirmed the specificity of the primer system. Bootstrap 
values reinforced that representatives of two distinct 
Anaeromyxobacter clusters, designated Group1 and 
Group2. These clones were related to isolated strain 
Anaeromyxobacter FAc12 (92 to 98% sequence identity) 
and Anaeromyxobacter 2CP-C (92 to 99% sequence 
identity). Major types P1 and P8 were distributed in both 
Group 1 and group 2, whereas P1 was preferential to 
locate in Group1. As the larger cluster that gathered 
basically only the clones recovered from our study, Group 
1 exclusively contained dominant patterns P2, P3, P6, 
P7, and P10 while P1, P6, and P7 formed their own tight 
clusters. Group 2 was the collection of P4, P5, P8 and P9 
and most of the candidate sequences selected from 
NCBI (National Center for Biotechnology Information). In 
addition, Group 2 was on some extent distinct from 
Group 1 by only harboring sequence clones from 16S 
rDNA libraries of slurries at 5 and 30 days, while Group1 
contained sequences of environmental 
Anaeromyxobacter spp. from all the slurries. Group1 was 
almost the collection of the environmental clone 
sequences retrieved from our experiments, besides one 
candidate sequence from NCBI. Similar results were also 
found when analyzed the evolutionary relationships 
among the uncultured environmental clones (Hori et al., 
2010; Thomas et al., 2009; Treude et al., 2003), this 

niche-based convergent suggested the significant in-
fluence of environment on the formation of unique cluster.  
 
 
Abundance variation of Anaeromyxobacter spp. in 
slurry over time  
 
As shown in Table 3, the number of Anaeromyxobacter 
spp. 16S rRNA gene copies per g of dry soil ranged from 
1.150 × 105 ± 0.710 × 105 to 6.162 × 105 ± 1.403×105, 
which showed a significant increase from 1 hour to 20 
days and a significant drop from 20 days to 30 days. 
Meanwhile, the number of Bacteria 16S rRNA gene 
copies per g of dry soil ranged from 0.420 × 108 ± 0.157 × 
108 to 6.917×108, being highest at 1 day and declined to 
minimum at 10 days. The abundance of 
Anaeromyxobacter spp. in paddy soil varied over flooding 
time, starting from the lowest point of 0.242% at 1 h to its 
summit as 5.14% at 10 days, then decreased to 1.16% at 
20 days and increased again to 2.84% at 30 days. 
Observation highlighted the fluctuation of 
Anaeromyxobacter spp. abundance in paddy soils slurry 
at late stage. Being higher than the result that ranged 
from 0.0002 to 2.3% in Thomas’s study (2009) on 
sediment contaminated by uranium, the abundances of 
Anaeromyxobacter spp. in our study were between 0.024 
and 0.514% in different flooding treatments, hence 
indicated that the size of Anaeromyxobacter spp. were 
significantly environment-related. From 1 to 5 days, A/B 
rose sharply from 0.025 to 0.356% and was in well 
correspondence to the maximal rate of Fe (III) reduction 
observed on 3.36 days, indicating a possibly positive 
correlation between Anaeromyxobacter spp. and Fe (III) 
reduction, which was also revealed by  CCA  in  Figure 7.  



 
 
 
 
The value of A/B slowly increased to 0.514% from 5 to 10 
days as the peak point, while the Fe (III) reducing rate 
was gradually declining. This might be attributed to the 
increase of Anaeromyxobacter spp. that was leaning to 
use crystalline iron oxides and hence slow down the rate. 
From 20 to 30 days, 16S rDNA copies of bacteria 
declined by almost 8 times, as consequence of the 
depletion of nutrient resource. But Anaeromyxobacter 
abundance increased to 0.284% in this period because of 
its capability of reducing crystalline iron oxides. This was 
also found in Hori’s study, where Anaeromyxobacter 
occupied 33% in the clone library from paddy field feed 
with goethite and acetate, being much higher than its 
proportion (0.05%) in the treatment modified with 
ferrihydrite and acetate, suggesting that 
Anaeromyxobacter was well capable in reducing 
crystalline iron oxides. Or say, Anaeromyxobacter was 
disabling to compete for easy using iron oxides with other 
microbe like Geobacter. Although in our study the 
proportion of Anaeromyxobacter spp. to the whole 
bacteria was too low to explain its contribution to the Fe 
(III) reduction, at least this genus sustained its abundance 
by possible reduction of crystalline iron oxides. 
 
 
Canonical correspondence analysis of environmental 
factors and slurry clustering 
 
The results of the CCA are shown in Figure 7, where the 
empty circles tagged with number 1 to 6 on the graph 
represent paddy soil slurries sampled at different flooding 
time. Arrows representing Anaeromyxobacteria abun-
dance and Fe (II) content had the longest lines and 
therefore exhibited their strongest correlations with the 
distribution of slurries of different time in plot, namely 
these two factors clearly influenced the pattern of the 
paddy soil slurry during incubation. The angles between 
the lines show how much the attributes of environmental 
factors are interrelated; the closer the angles, the greater 
the interrelation. For instance, the Anaeromyxobacteria 
spp. abundance had a stronger interrelation with 
Shannon’s index than with Fe (II) content, while basically 
no correlation was found between Fe (II) content and 
Shannon’s index. Slurries at different time distributed in 
the ordination plot as four distinct groups as slurries of 1 
h and 1 day old, slurries at 5 and 10 days, slurry at 20 
days and slurry at 30 days. Flooding time thus appeared 
to change the Fe (II) content, the abundance and 
diversity of Anaeromyxobacteria spp. and thus controlled 
the clustering of slurries. 

While the reasons and mechanisms for the observed 
successional dynamics and heterogeneous presences of 
Anaeromyxobacter spp. in paddy soil of different flooding 
periods require further investigation, this study provides 
valuable information about the growth orbits of the major 
members and the community diversity information over 
flooding     time,    facilitating    the    isolation     of     new  

Zhu et al.          6117 
 
 
 
Anaeromyxobacter strains, especially when considering 
the level of metabolic diversity within this community is 
unclear due to a limited number of isolated represent-
tatives. 
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