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Abstract 

Although Acidobacteria represent the most abundant bacterial phylum in many 

soils, knowledge of Acidobacterial diversity is still rather incomplete. We therefore 

examined the diversity of 16S rRNA genes affiliated with this phylum in a former arable 

soil via three independent approaches: 1) screening of a fosmid metagenome library 

(28,800 clones) for inserts containing Acidobacteria-like 16S rRNA genes; 2) PCR-cloning 

using general bacterial primers; and 3) PCR-cloning with primers specific for 

Acidobacterial 16S rRNA gene sequences. Bacterial-specific libraries also compared 

rhizosphere versus bulk soil samples. This comparison revealed that Acidobacterial 

sequences were relatively more abundant in bulk soil libraries, with a differential recovery 

of several Acidobacteria subdivisions observed with respect to soil compartment. However, 

no clear rhizosphere or bulk soil Acidobacteria lineages could be discerned. Comparing the 

different molecular approaches applied, we recovered the greatest level of Acidobacterial 

phylotype diversity via the bacterial-specific cloning approach, which detected 7 

established Acidobacteria subdivisions, as well as sequences from the newly proposed 

subdivision 10, and several sequences that fell outside current subdivision groupings. The 

metagenomic screening and specific Acidobacteria cloning approaches, which both relied 

on Acidobacteria-specific primers, recovered a more restricted range of Acidobacteria 

sequences, with most identified inserts grouping in Acidobacteria subdivision 6. 

Examination of sequences from clusters unique to the general bacterial libraries revealed 

sequence mismatches with the Acidobacteria-specific primers, suggesting that incomplete 

primer coverage skewed results to only a limited range of Acidobacteria subclusters for the 

metagenome library screening and specific library approaches. Together, these results 

expand knowledge of the distribution and diversity of Acidobacteria in soil environments 

and highlight important technical considerations in the molecular analysis of Acidobacteria 

diversity. 
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Introduction 

Acidobacteria are among the most dominant phyla in soil-borne microbial 

communities. Although also found in other habitats, including ocean water, sediments, hot 

springs, peat bogs, and acid mine drainage sites (Barns et al., 1999; Lopez-Garcia et al., 

2003; Polymenakou et al., 2005; Chan et al., 2006; Dedysh et al., 2006; Penn et al., 2006; 

Sogin et al., 2006; Gomez-Alvarez et al., 2007), members of the Acidobacteria phylum 

appear to be most dominant in soil environments. This phylum has consistently been 

detected in 16S rRNA gene clone libraries constructed from soil samples, and can represent 

as much as 52% of 16S the rRNA gene sequences from some bacterial clone libraries 

(Dunbar et al., 2002; Sait et al., 2002). Acidobacterial sequences were recently shown to 

represent 7-30% of the total 16S rRNA gene copies in former arable fields, with some 

variation in density with respect to soil compartment (rhizosphere versus bulk soil) and 

dominant plant species (Kielak et al 2008). However, despite their dominant presence in 

soil environments, relatively little is known about their distribution, diversity and function 

in soils (Janssen, 2006). 

Several phylogenetic analyses have defined eight subdivisions within the 

Acidobacterium group (Hugenholtz et al., 1998a; Sait et al., 2002; Handelsman, 2004), 

although some authors have suggested the presence of eleven or more subdivisions 

(Zimmermann et al., 2005; Barns et al., 2007), and the taxonomic rank of subdivisions has 

yet to be clarified (Janssen et al., 2002). Thus, even though little is yet known about the 

environmental parameters that determine the distribution and activity of Acidobacteria in 

soil, their sheer numbers and phylogenetic diversity, in which is comparable to the 

Proteobacteria, suggest that they are of significant ecological importance in terrestrial 

ecosystems (Hugenholtz et al., 1998a; Stevenson et al., 2004).  

Although, Acidobacteria are abundant in many habitats, they have generally been 

refractory to classical cultivation efforts. Until recently, only six strains from this group had 

been cultivated and validly described. Four of them are members of subdivision 1: 

Acidobacterium capsulatum (Kishimoto et al., 1991), Terriglobus roseus (Eichorst et al., 

2007), Edaphobacter modestus and Edaphobacter aggregans (Koch et al., 2008). The other 

two, strict anaerobes, are within represent subdivision 8: Holophaga foetida (Liesack et al., 

1994) and Geothrix fermentans (Coates et al., 1999). It is noteworthy, that subdivision 1 

was until recently the only subdivision isolated from soil.  

Fortunately, recent developments in improving cultivation methods have yielded a 

number of new soil isolates affiliated with Acidobacteria subdivisions 1-4 (Janssen et al., 

2002; Sait et al., 2002; Joseph et al., 2003; Stevenson et al., 2004; Sait et al., 2006; 

Eichorst et al., 2007). However, cultivation-independent approaches, based upon 

amplification and analysis of 16S rRNA gene sequences, have revealed a much greater 

diversity of Acidobacteria in soil, with subcluster 6 typically being most highly represented 

in clone libraries (Janssen et al 2006). Thus, despite important progress in the cultivation of 
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Acidobacteria, pure cultivation-dependent approaches obviously remain biased toward 

lineages and populations well-suited to laboratory cultivation conditions. 

As with other microorganisms, the introduction of molecular culture-independent 

methods has been instrumental in revealing previously unrecognized levels of diversity 

within the Acidobacteria (Janssen et al 2006). Such molecular inventories of microbial 

diversity have typically relied on amplification for ribosomal RNA genes, prior to cloning 

and sequence analysis (Hugenholtz et al., 1998a). However, PCR-based methods have been 

shown to contain several sources of bias and error, due to imperfect specificity and 

coverage of primers, as well as intrinsic limitations of the method (von Wintzingerode et al., 

1997; Muyzer & Smalla, 1998; Speksnijder et al., 2001). With the advent of metagenomic 

methods based upon both small- and large-insert libraries, however, it is now also 

becoming more feasible to assess microbial community diversity without reliance on PCR 

(Liles et al., 2003; Venter et al., 2004). While such approaches afford a view that is not 

subject to the biases of PCR amplification, they may contain their own biases and may be 

limited by the throughput and accuracy of library screening methods (Kowalchuk et al., 

2007). 

The goals of this study were therefore two-fold. 1) To gain additional insight into 

the diversity of Acidobacteria in soil, and 2) To examine the influence of different cloning 

strategies on the relative distribution and diversity of Acidobacterial sequence types 

recovered. In a previous study on the relationship between plant species composition and 

microbial diversity in a former arable field soil, we observed that bulk soil samples 

contained a higher proportion of Acidobacteria within their bacterial communities as 

compared to rhizosphere soil (Kielak et al., 2008). However, no differences could be 

observed in community profiles of Acidobacteria recovered from the rhizospheres of 

different plant species. In the present study, we examined acidobacterial diversity using soil 

samples collected from this same field site and compared the diversity recovered via three 

independent molecular approaches: bacterial-specific PCR-cloning, Acidobacteria-specific 

PCR-cloning, and large-insert metagenome fosmid library screening for clones containing 

acidobacterial rRNA genes.  

Given the previously observed differences in Acidobacterial abundance with 

respect to soil compartment, we hypothesized that the diversity and relative proportion of 

Acidobacteria sequences recovered from different soil compartments (rhizosphere versus 

bulk soil) would differ. We further hypothesized that cloning approach would also 

influence the diversity and distribution of the Acidobacteria 16S rRNA gene sequences 

recovered. 

 

Materials and Methods 

Field site and sampling  

All soil samples were collected from a former arable field experimental site near 

Ede, The Netherlands (52o04’ N, 5o45’ E). This experimental site was established after the 
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1995 harvest season within the European project entitled Changing Land Usage: 

Enhancement of biodiversity and ecosystem development (CLUE). This experiment was 

designed to examine the impact of plant sowing treatments on ecosystem development, and 

it comprises four treatments: sowing a low diversity seed mixture, sowing of a high 

diversity seed mixture, natural colonization and continued monoculture (left to natural 

colonization after the 1998 season). In addition, small monoculture plots of several typical 

grassland plant species were sown adjacent to the main experiment. Detailed characteristics 

of the soil and plant diversity treatment plots are provided in (Van der Putten et al., 2000; 

Bezemer & van der Putten, 2007).  

The sampling and handling scheme for the different clone libraries analyzed in this 

study are summarized in Figure 1. For the construction of general bacterial 16S rRNA gene 

libraries, rhizosphere (R), and bulk soil (B) samples were collected in August 2001 from 

one plot of each of the four different treatments, as described in Kielak et al. (2008). Each 

sample was processed independently, yielding four rhizosphere and bulk soil libraries of 96 

clones each. The different libraries recovered from the same soil compartment (rhizosphere 

or bulk) were previously shown not to differ significantly from each other in structure 

(Kielak et al., 2008) and were therefore combined, resulting in one general library per soil 

compartment with 256 clones each.   

For the construction of Acidobacteria-specific 16S rRNA gene libraries, 

rhizosphere soil samples were collected in August 2005 from Festuca ovina L. plants from 

within plots sown with a monoculture of this species, adjacent to the main plant diversity 

treatment experiment as well as from Lotus corniculatus L. plants from various locations 

within the borders of the plots described above (Bezemer et al., 2006; Kielak et al., 2008). 

This resulted in two Acidobacteria-specific 16S rRNA gene libraries, whose structures 

were not statistically different from each other. Given this fact, and the high level of 

similarity of these samples upon Acidobacteria-specific PCR-DGGE analysis (Bezemer et 

al., 2006; Kielak et al., 2008) these two libraries were treated as one phylum-specific 

library for all further analyses.      

For the purpose this study, rhizosphere and bulk soil samples were defined as 

follows. Roots were first separated and shaken to remove loosely adhering soil. Pieces of 

roots with the remaining adhering soil were cut and taken as a combined sample of 

rhizosphere and root surface (rhizoplane), further referred to as rhizosphere samples. Soil 

remaining behind after the removal of plant material was defined as bulk soil. All soil 

samples were frozen at −20oC for around 2 weeks prior to DNA extraction. 

  

DNA isolation methods 

For the construction of all 16S rRNA gene libraries, DNA was isolated from 

250 mg wet weight soil using the Ultra Clean™ DNA Isolation kit, according to the 

manufacturer's specifications (MoBio Laboratories, Solana Beach, CA, USA).  
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High molecular weight DNA extraction for the construction of the metagenomic 

library was performed using a modification of the protocol described by van Elsas et al. 

(2008). Briefly ten grams of soil (wet weight) was suspended in 10ml of extraction buffer 

(100mM Tris-HCl, 100mM NaEDTA, 100mMNaPO4, 1.5M NaCL, 1% CTAB, 100µl 

Proteinase-K 10mg/ml, pH 8.0) and incubated at 37oC for 30 min with gentle shaking. After 

incubation at 60oC with phenol, the supernatant was extracted with chloroform/ 

isoamylalcohol (24:1), and DNA was precipitated with 2-propanol. Metagenomic DNA in 

agarose plugs was loaded on a 1% Pulsed Field Certified (PFC) agarose gel (Bio-Rad) in 

order to remove polyphenolic contaminants and for size selection. Electrophoresis was run 

in 0.5 Х Tris-borate-EDTA (TBE) buffer at 12oC using a Contour-Clamped Homogeneous 

Electric Field (CHEF)-Mapper III system (Bio-Rad) with the following parameters: 

Gradient = 6.0 V/cm, included angle = 120oC, initial switch time = 0.47 s, final switch time 

= 8.53 s, run time = 20.18 with a linear ramping factor. The 1 cm agarose fragments 

containing DNA in the size range around 40 kb were cut out from gel. DNA was recovered 

using Quik-Pik Electroelution Capsules (Stratagen, La Jolla, CA, USA), following the 

manufacturer's specifications. The construction of the metagenome library utilized the 

CopyControl Fosmid Library Production Kit (Epicentre Medison, WI, USA) and was 

preformed according to the manufacturer’s protocol. This protocol yielded 5’- 

phosphorylated blunt-end DNA, which was subsequently ligated into the pCC1FOS vector 

and transformed into E.Coli EPI300 (Epicentre Medison, WI, USA). The final metagenome 

library contained 28,800 chloramphenicol-resistance clones selected on LB plates with 

addition of 12.5 µg/ml of chloramphenicol.  

 

PCR-based cloning strategies  

The primers and PCR conditions used for the amplification of 16S rRNA genes 

from bacteria and Acidobacteria are summarized in Table 1. For the construction of 

universal bacterial 16S rRNA gene libraries, the forward primer pA primer was coupled 

with the reverse primer 1492r (Edwards et al., 1989). For the Acidobacteria-specific 16S 

rDNA library, the phylum-specific forward primer Acd31F was combined with the 

universal bacteria primer 1378r (Barns et al., 1999) using template DNA recovered from 

the rhizospheres of F. ovina and L. corniculatus (Figure 1). The amplification protocols 

comprised one cycle of denaturation step (2min at 96oC) followed by 30 cycles of 

denaturation (30 s at 92oC), annealing at the specific temperature (Table1), and elongation 

(45 s at 68 oC). The terminal elongation step was extended by 10 min.  

PCR product size, approximately 1500 bp for general bacterial reactions and 1300 

bp for Acidobacteria-specific reactions, and integrity was examined by standard agarose gel 

electrophoresis and EthBr staining, prior to purification using PCR Purification Kit (Qiagen, 

Venlo, The Netherlands). Purified DNA was cloned into pGEM-T vector, as per the 

manufacturer’s protocol (Promega, Medison, WI, USA), and transformed into E. coli 

JM109 competent cells using the pGEM-T Vector System. Positive transformants were 
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selected randomly (96 clones each for each individual rhizosphere and bulk soil library and 

20 each for each Acidobacteria-specific library) and screened for inserts of proper length by 

PCR with the pGEM-T vector-encoded primers T7 forward and SP6. Inserts were fully 

sequenced with the same pGEM-T vector-encoded primers (T7 forward and SP6 reverse) 

(Macrogen, Seoul, South Korea).  

 

 

Table 1. Primers used in this study for specific amplification of SSU rDNA gene sequences. 

Target Primers  PCR Protocol* Reference 

Bacteria pA F/1492 R 55°C; 25 cycles (Edwards et al., 1989)  

Acidobacteria Acd31 F/1378 R 58°C; 30 cycles (Barns et al., 1999) 

* PCR protocols are given as: annealing temperature; number of cycles. The remaining of the procedure is given 

in the text. 
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Figure 1. Summary of library construction strategies used in this study (PCR-based general bacterial and phylum-

specific libraries, and PCR-independent metagenome library). Each general bacterial library consisted of four 

independently constructed libraries from soils collected from a different field sowing treatment (see Van der 

Putten et al., 2000; Kielak et al., 2008). *Libraries constructed in parallel from samples collected from four plots 

with different treatments (Kielak et al., 2008). 
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Identification of clones affiliated with Acidobacteria from bacterial- and Acidobacteria-

specific 16S rRNA gene libraries  

All clones were first screened for potential chimera structures using CHIMERA-

CHECK (http://rdp.cme.msu.edu) and BELLEROPHON (Huber et al., 2004). After 

removal of presumptive chimeras within the bacteria-specific libraries, 256 clones for each 

rhizosphere and the bulk soil library were selected for further analysis. Two potentially 

chimeric clones were also detected in the Acidobacteria-specific libraries, and these were 

also excluded from further analysis. 

The pooled bulk and rhizosphere libraries (256 clones each) were screened for the 

presence of potential Acidobacteria sequences using the RDP (Release 9.61) classifier tool 

with the confidence level set to 80% (Cole et al., 2005). After the screening of libraries 

derived from the bulk and rhizosphere soils, 71 and 30 clones, respectively, were identified 

as showing potential affiliation with the phylum Acidobacteria. All sequences were 

additionally examined with the BLAST search in order to identify the closest relative 

sequences (Table 1S). The same procedures were used to confirm the acidobacterial origin 

of clones recovered via the phylum-specific approach, where except for 2 potential 

chimeric sequences, all of the specific clones appeared to be of acidobacterial origin. 

  

Identification of clones affiliated with Acidobacteria from metagenome libraries  

Screening of the metagenome library (in total 28,800 clones) for clones containing 

Acidobacteria-like 16S rRNA genes within their inserts was performed using a 

Acidobacteria-specific PCR strategy using templates from pooled cell suspensions of 

multiple overnight cultures of the metagenomic clones. Clones were cultured overnight in 

96-well plates, and the contents of 4 plates (384 clones) were combined for a single plasmid 

extraction using QIAprep Spin Miniprep Kit (Qiagen, Venlo, The Netherlands). The 

resulting mixed template was used as template for Acidobacteria-specific PCR using the 

Acd31 forward (Barns et al., 1999) and 1378 reverse (Heuer et al., 1997) primers, as 

described above. In the case of a positive reaction, pooling prior to plasmid extraction was 

restricted to a single plate. Pooling after a positive single-plate result, was reduced to a 

single row of a plate and finally to the single culture level. All PCR products were checked 

for size and integrity by standard gel electrophoresis on 1% agarose gels. 

 

Phylogenetic analyses  

All obtained sequences were aligned using the ARB software package (Ludwig et 

al., 2004) and manually edited, considering the secondary structure of the rRNA molecule. 

Phylogenetic trees were reconstructed from 470 nearly complete 16S rRNA gene sequences 

(nucleotide positions 38 to 1401, according to E. coli numbering) employing neighbor-

joining (NJ) and Bayesian inference (BI). 313 sequences were obtained from the Silva 

database (Pruesse et al., 2007) and the other 157 sequences were from the current study (B 

= 101, R = 30, Acido = 28, Meta = 17). Three sequences belonging to the phylum 
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Chlamydia were used as an outgroup. MrModeltest 2.2 (Nylander, 2004) identified the 

general time reversible model (GTR) with invariable sites and Γ-shaped distribution of 

substitution rates as the best fitting model. The Baysian tree was constructed using the 

program MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003). Four independent computations 

with random starting trees and Markov chains were run for 1,500,000 generations with a 

sampling frequency of 100 generations. The first 375,000 generations were discarded as 

burn-in. The NJ tree was constructed using the PHYLIP 3.67 package (Felsenstein, 2005) 

with the model parameters calculated by MrModeltest. The tree was bootstrapped 1,000 

times. Groups that were well supported by bootstrap analysis (>70%) were seen in all 

optimal trees.   

 

Statistical analyses  

Distribution of Acidobacteria subdivisions in the bulk soil samples versus the 

rhizosphere, as well as distribution within the libraries constructed by the three different 

methods, was tested for significance (p>0.05) using Pearson Chi-Square method with the 

critical value according to (Sokal & Rohlf, 1995). The statistical analysis was performed 

using the Statistica 7 package (StatSoft Inc.). 

For species richness estimation, a sequence identity matrix was calculated using 

BIOEDIT (Hall, 1999), and subsequently transformed to a presence–absence matrix where 

operational taxonomic units (OTUs) were defined at the 95% sequence identity level which 

typically groups sequences of the same genus. Species richness estimations were performed 

using EstimateS (Colwell, 2005). Each sequence was treated as a separate sample. One 

hundred randomizations were conducted for each test.  

 

Sequence accession numbers 

Sequences described in this study have been deposited in The GenBank database 

under accession numbers FJ004643-FJ004798. 

 

Results 

Sequence analysis and tree topology of Acidobacteria  

We applied two approaches to phylogenetic reconstruction, neighbor joining (NJ) 

and Bayesian inference (BI). Both analyses resulted in nearly identical tree topologies, with 

the NJ tree summarized in Figure 2. Tree topologies obtained by both methods generally 

showed robust relationships between subdivisions, however, some differences were 

observed in branching patterns within the subdivisions. Also, both methods suggested that 

subdivision 10 was not monophyletic, as it was split into two separate clades. Seven 

sequences from the public databases, 11 sequences from the general bacterial library, and 1 

sequence from the metagenome library could not be assigned to any of the established 

subdivisions. Our work showed general support for established subcluster system within the  
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Acidobacteria phylum, but also revealed that additional diversity is present that is not yet 

accommodated by this classification system. 

 

 

 

 

 

 

Figure 2. Simplified neighbor-joining tree of the phylum Acidobacteria, highlighting the sequences recovered in 

this study. Names in italics indicate sequences retrieved from GenBank. The numbers of sequences in each 

subdivision recovered by the metagenome (Meta), Acidobacteria phylum-specific (Acido), and general bacterial 

(split into bulk soil (B) and rhizosphere libraries (R)) approaches are given to the right of the corresponding 

subdivision wedges. The depth of wedges reflects the branching depth of a particular subdivisions and its opening 

angle represents the number of sequences. 

  



Chapter 4 

 66 

Distribution of Acidobacteria in relation to soil compartment  

General bacterial 16S rRNA clone libraries recovered a greater proportion of 

Acidobacteria-like 16S rRNA gene sequences from bulk soil as compared to the 

rhizosphere (25.1 ± 14.4 % of sequences across four bulk soil libraries versus 14.7 ± 7.7 % 

of sequences across four rhizosphere libraries). Of the 101 Acidobacteria sequences 

subjected to phylogenetic analysis, 71 were recovered from bulk soil versus only 30 the 

rhizosphere. These sequences were identified in pooled libraries of equal size (256 clones 

for each soil compartment). Acidobacteria sequences therefore represented 28% of the 

combined bulk soil libraries, yet only 12% of the combined rhizosphere libraries.  

In order to analyze the relative abundance and diversity of specific Acidobacteria 

subdivisions in relation to soil compartment, we classified clones into subdivision and 

compared the clone libraries from bulk soil library versus those derived from the 

rhizosphere. A high level of Acidobacteria diversity was observed in the bulk soil library, 

with the recovery of seven of the eight recognized subdivisions (no subdivision 8 sequences 

were recovered) (Hugenholtz et al., 1998a) (Table 2). The estimated OTU richness (Chao1) 

of Acidobacteria was higher in the bulk soil (140 ± 54 versus 72 ± 34), although this 

difference was not significant due to the large variation involved. Interestingly, sequences 

from the subdivisions 2 and 5 were not recovered from the rhizosphere. 2 sequences (one in 

each of the pooled libraries) were found to be closely associated with members of the 

recently proposed subdivision 10 (Zimmermann et al., 2005), but, as stated above, our 

results do not provide phylogenetic support of this cluster (Figure 1). Most of the sequences 

were identified as coming from subdivisions 3, 4, and 6 in both libraries. However, 

subdivision 3 appeared to be overrepresented in the rhizosphere, whereas subdivisions 4 

and 5 were underrepresented, with subdivision 5 not being represented among the clones 

recovered from the rhizosphere (Table 2). Despite these differences, the small sample size 

recovered from the rhizosphere did not allow for robust statistical analysis of the 

differential distribution of subdivisions. However, in some cases, clone sequences tended to 

group together according to soil compartment within a given subdivision, especially within 

subdivisions 3 and 6 (data not shown).  
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Table 2. Percentage of sequences affiliated with each detected Acidobacteria subdivisions in the metagenome 

(Meta), general bacterial (Bacterial; including bulk soil (B) and rhizosphere (R)), and phylum specific (Acido) 

libraries. 

Bacterial 
Subdivision Meta 

B R BR 
Acido 

1 11.8 7.0 3.3 5.9 15.8 

2 0 5.6 0 4.0 0 

3 5.9 14.1 36.7 20.8a 0a 

4 17.6 19.7 10 16.8 10.5 

5 0 8.5 0 5.9 2.6 

6 58.8 28.2 33.3 29.7a 71.1a 

7 0 2.8 6.7 4.0 0 

10 0 1.4 3.3 2.0 0 

unclassified 5.9 12.7 6.7 10.9 0 

OTU richness 

(Chao1) 
47±22 140±54 72±34 160±50 107±58 

Meta, 17 clones; Bacterial, 101 clones; B, 71 clones; R, 30 clones; Acido, 38 clones 

Operational taxonomic units (OTUs) were defined at the 97 % sequence identity level. 
a Significant difference (p<0.05) from corresponding expected frequencies. 

 

 

Sequence recovery via Acidobacteria-specific PCR-cloning and metagenomic screening 

The majority of sequences (71.1 %) recovered using the Acidobacteria-specific 

PCR-cloning strategy was affiliated with Acidobacteria subdivision 6 (Table 1). Several 

clones were also recovered from subdivisions 1 and 4, and a single clone was determined to 

be affiliated with subdivision 5. Interestingly, two clones were also determined to be 

putative chimera sequences and were excluded from the further analysis.  

 PCR-based screening of the metagenome library identified 17 out of 28,800 clones 

as containing 16S rRNA genes affiliated with the Acidobacteria phylum. This number falls 

within the range (between 8 and 48 positive clones) that would be predicted based upon the 

previously determined proportion of Acidobacteria within the bacterial community 

(approximately 20 % of total bacterial 16S rRNA gene copy number; (Kielak et al., 2008)), 

the 16S rRNA gene copy number known for cultivated members of the Acidobacteria 

(Eichorst et al., 2007), the average genome size of sequenced Acidobacteria strains (from 

5.6 Mb in Ellin345 (NC008009) to 10Mbp in S. usitatus (NC008536)) and the average 

insert size within the library (33 ± 3 kb). Phylogenetic analysis of the 16S rRNA sequences 

encoded within the positively identified clones revealed that all sequences were affiliated 

with one of four Acidobacteria subdivisions, with the highest representation of subdivision 

6 (58.8 %; Table 2), and a single sequence that fell outside currently accepted subdivision 

designations.  
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Comparison of the different approaches for assessing Acidobacteria diversity from arable 

soil  

For testing of the influence of the library construction method on the distribution 

of Acidobacteria sequences recovered via the different approaches employed, we grouped 

the rhizosphere and bulk soil libraries to represent the recovery using the general bacterial 

PCR-cloning approach. Compared with the general bacterial library, which recovered a 

total of eight different Acidobacteria subdivisions, the phylum-specific and metagenome 

libraries recovered a more limited range of Acidobacteria diversity (four subdivisions each), 

reflected in lower levels of estimated OTU richness (Chao1) of 160 (± 51), 107 (± 58) and 

47 (± 22), respectively. In the metagenome library, only representatives of subdivisions 1, 3, 

4, and 6 were identified, and only subdivisions 1, 4 and 6, and a single clone within 

subdivision 5, were recovered via the phylum-specific PCR-cloning approach. Subdivision 

6 was the most highly represented subdivision via all three approaches, and none of the 

approaches yielded clones affiliated with subdivisions 8, 9 and 11. For subdivisions 3 and 6, 

significant differences (p = 0.006) in relative abundance between the libraries were 

observed, with subdivision 3 overrepresented and subdivision 6 underrepresented in the 

general bacterial library. Sequences belonging to the subdivisions 2, 7 and 10 were found 

only in the general bacterial library, but did not represent a large proportion of this library.  

 

Examination of Acidobacteria-specific primer binding sites 

To examine whether the differential recovery of certain Acidobacteria 

subdivisions might have been influenced by the specificity of the in the Acidobacteria-

specific primers used in the phylum-specific approach and PCR screening of the 

metagenome library, we examined the primer binding sites within the sequences from the 

various Acidobacteria subdivisions. We observed several mismatches that would likely 

affect the efficiency of primer binding, thereby potentially reducing amplification 

efficiency of many sequences from several subdivisions. Typical mismatches and their 

frequencies within the major subdivisions and given in Table 3. A particularly critical 

mismatch at the 3’ end of the Acd31F primer most likely affecting the efficiency of primer 

binding for a majority of sequences from subdivisions 2 (139 out of 140 sequences), 7 (26 

out of 27), 8 (29 out of 36) and 10 (83 out of 85). As expected, all clones positively 

screened as coming from Acidobacteria, showed a prefect match to the Acd31F primer 

used in the PCR screening procedure. 
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Table 3. Alignment of the Acd31F primer-binding site from illustrative sequences affiliated with different 

Acidobacteria subdivisions.  

Subgroup Mismatch/All Sequence  

  Acid31f       GAT CCT GGC TCA GAA TC 

1 16/412 lbb10  - - -   - - -   - - -   - - -   - - G CG 

2 139/140 26L2B  - - -   - - -   - - -   - - -   - G-   -G 

  38H2B  - - -   - - -   - - -   - - -   - - -    - - 

3 19/25 lba7  - - -   - - -   - - -   - - -   - - -    - - 

4 14/172 lbb4  - - -   - - -   - - -   - - -   - - -    - - 

5 2/24 17L2B  - - -   - - -   - - -   - - -   - - -    - - 

6 33/337 Lbb9  - - -   - - -   - - -   - - -   - - -    - - 

7 26/27 M1B24  - - -   - - -   - - -   - - -   - - -    - G 

8 29/36 AM180889  - - -   - - -   - - -   - - -   - - -    - G 

9 0/11 EU373952  - - -   - - -   - - -   - - -   - - -    -  

10 85/83 AB240310  - - -  A- -   - - -   - - -   - - -    - G 

The perfect positions of primer hybridization are shown as a line (-), letters indicates mismatch positions. 

 

 

Discussion 

Recent studies have revealed a wealth of acidobacterial diversity in soil habitats. 

Yet, we are only beginning to appreciate the distribution and ecology of this major bacterial 

lineage. We therefore carried out a series of cultivation-independent examinations of 

acidobacterial diversity in a former-arable field, where this phylum was previously shown 

to represent a large proportion of the total bacterial community, and attempted to relate 

recovered Acidobacterial diversity to soil compartments (rhizosphere versus bulk soil) and 

to the type of cloning strategy used. 

Our study revealed a high abundance and diversity of Acidobacteria in the former 

arable soils analyzed. Acidobacteria represented approximately 20% of the 16S rRNA gene 

sequences recovered via general bacterial PCR-cloning, which is in good agreement with 

the previously observed prevalence of this phylum in other studies (Fierer et al., 2005; 

Janssen, 2006; Hansel et al., 2008). Phylogenetic analysis of those sequences generally 

supported the subdivisions previously proposed, although several clones could not be 

assigned within currently accepted subdivisions, and the proposed subdivision 10 appeared 

to polyphyletic (Hugenholtz et al., 1998; Zimmermann et al., 2005). It is worth noting that 

the recently improved RDP classifier tool of the RDP-II was far more accurate that the 

previous version, which failed to recognize many clones in our study as being affiliated 

with the Acidobacteria. We found subdivisions 6, 4, 3, and 1 to be the most abundant in the 

analyzed clone libraries. Those subdivisions have previously been reported to be especially 

abundant in soil habitats (Kuske et al., 1997; Barns et al., 1999; Janssen, 2006; Eichorst et 

al., 2007; Hansel et al., 2008). A high Acidobacteria diversity was also observed within the 

subdivisions in which nearly every clone is unique at the 95% sequence identity cut-off 

level. 

Based on 16S rRNA gene clone library comparisons of bulk soil versus 

rhizosphere, we observed a higher proportion of Acidobacteria sequences in the bulk soil 

libraries (28 % versus 12 %). These results are consistent with the majority of other studies 
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for which this comparison has been made (Marilley & Aragno, 1999; Sanguin et al., 2006; 

Fierer et al., 2007).  Interestingly, Singh et al. (2007) observed an opposite trend. This 

observed preference of Acidobacteria for bulk soil conditions has been attributed to the 

presumably oligotrophic lifestyle thought to hold for many members of this phylum (Ward 

et al., 2009). Higher carbon availability in the rhizosphere is hypothesized to select for 

more fast growing microorganisms, which presumably out-compete many Acidobacteria 

populations in this soil compartment. Acidobacteria are thought to be better competitors in 

soils with low resource availability, more typical of bulk soil conditions. There are several 

lines of evidence that support these assertions. One of them seems to be also reflected in the 

recent successes in cultivation of represents of Acidobacteria phylum on media with low 

concentrations of organic carbon combined with elongated incubation times (Janssen et al., 

2002; Sait et al., 2002; Joseph et al., 2003; Stevenson et al., 2004; Eichorst et al., 2007). 

Members of the Acidobacteria phylum are likely to display a high degree of 

metabolic diversity. The ability of members of this phylum to colonize many highly 

disparate habitats seems to supports this notion. We also observed differences in abundance 

of particular subdivisions between the bulk soil and the rhizosphere although they are not 

significant within the sample sizes analyzed. It must be kept in mind that the Acidobacteria 

are almost certainly not an ecologically coherent group, and different lineages within this 

highly diverse phylum may carry out very different functions and possess highly disparate 

life history strategies. Acidobacteria is referred as phylogenetically broad group. Indeed, 

the depth of phylogenetic diversity (depth of branching) in the Acidobacterium phylum is 

nearly comparable to that of the Proteobacteria (Hugenholtz et al., 1998a). 

Comparison of the diversity of Acidobacteria in the metagenome library with two 

differently constructed 16S rRNA gene clone libraries showed clear differences in the 

relative abundance of represents of the dominant subdivisions. In our comparison of the 

methods used, it should be kept in mind that slightly different samples were used in library 

construction with the different methods. Although it is possible that the differences in 

phylum distribution and diversity across the different cloning strategies reflect true 

differences in the community structures of the difference samples taken from the 

experimental field, several lines of evidence suggest this played only a minor role. Firstly, it 

would be highly coincidental if the gaps in coverage of the acidobacterial primer 

corresponded to differences in community structure in the field. Furthermore, previous 

PCR-DGGE analysis of these samples, and other rhizosphere samples from these fields, 

have revealed highly consistent community structure of Acidobacteria in the rhizospheres 

of several different plant species and over time (Kowalchuk et al., 2002; Kielak et al., 

2008). 

When examining the relative proportion of Acidobacteria sequences, it is also 

important to mention that the copy number of 16S rRNA genes may differ between 

different Acidobacteria strains even in the same subdivision (Eichorst et al., 2007). The 
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quantification of the abundance of Acidobacterial subdivisions based on 16rRNA gene 

copy numbers may therefore not reflect proportion of the difference Acidobacteria lineages.  

As sequence data continues to accrue, distribution patterns for different 

Acidobacteria subdivisions are beginning to emerge, providing clues to the ecology of these 

organisms. Examples of this are soil pH, where acidic soils appear to be well suited for 

subdivisions 1 (Sait et al., 2006; Eichorst et al., 2007) and 2 (Hansel et al., 2008). Elevated 

atmospheric CO2 appears to have a negative impact on subdivisions 1, 2, 3, 7 yet a positive 

effect on subdivisions 4 and 6 (Meisinger et al., 2007; Lesaulnier et al., 2008).  

Acidobacteria abundance is also related to carbon availability. Carbon-poor bulk 

soil conditions are generally correlated with high Acidobacteria abundance (Fierer et al., 

2007; Hansel et al., 2008). However, members of subdivisions 3, 4 and 6 seem to prefer 

higher nutrient/carbon conditions (Hansel et al., 2008). Our study is in general support of 

these results and provides additional evidence for subdivision 3 and 6 being more abundant 

in the rhizosphere than in the bulk soil.  

Bias in the recovery of different subdivisions may be caused by differential 

amplification based on differences in the primers binding efficiencies, interference by 

sequences flanking primer regions, and differences in the kinetics of PCR amplifications. 

Such biases may result in 16S rRNA gene libraries that do not represent fully the diversity 

of microbial communities. Even so-called universal primers do not amplify equally all 16S 

rRNA gene sequences, and some of the genes are not amplified at all (Baker et al., 2003; 

Brons & van Elsas, 2008). The observed differences in Acidobacteria diversity between 

two compared 16S rRNA gene libraries constructed using two different primer sets reflects 

these limitations. The metagenome approach, based on direct isolation of total DNA from 

environmental samples for construction of libraries, should avoid this problem. However, 

information gained by this approach strongly depends on the library screening method. We 

concluded in our study that the bias in detection of subdivisions: 2, 7, 8, and 10 is due to 

mismatches between the acidobacterial-specific primer used, and the primer binding sites of 

members from these subdivisions. Members of these subdivisions were detected only in the 

general bacterial library, which was constructed independent of the Acidobacteria phylum-

specific primer.  

Numerous studies have relied on the Acd31F primer for phylum-specific studies, 

for example, in the screening of the metagenomic libraries (Quaiser et al., 2003), QPCR 

analysis (Fierer et al., 2005), PCR-DGGE (Kielak et al., 2008), PCR detection of 

Acidobacteria in soil samples and screening for Acidobacteria isolates (Eichorst et al., 

2007). Given our results, it would be expected that these studies also would fail to detect a 

large fraction of the total Acidobacteria diversity. Thus, we may have indeed missed some 

clones of Acidobacteria origin in the screening of our metagenomic library, although the 

general bacterial clone library results suggest that this would only have been a small 

fraction of the total detected.  
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The Acidobacteria-like 16S rRNA gene sequences obtained in this study add 

significantly to the total known diversity within the Acidobacteria phylum, especially with 

respect to their diversity in soil habitats. This study also highlights the need for designing 

new primers and probes, not only to be more inclusive to the breadth of diversity within this 

phylum, but also to target specific subdivisions, and the sequence information gathered in 

this and other recent studies (Barns et al., 1999; Kleinsteuber et al., 2008) should be helpful 

in this process. The metagenomic clones identified in this study provide an interesting 

resource that should allow for a cultivation-independent glimpse into genomes of 

representatives of the phylum (Kielak et al. in preparation). 
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