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Abstract: Living soils commonly contain a vast microbial diversity and are to be seen as the best reservoir of genetic novelty on 
Earth. Furthermore, the novel genetic information in the soil microbiota offers an excellent source that can be exploited to foster 
our understanding of soil functioning. Alternatively, the expected genetic novelty will spur biotechnological innovation. However, 
only a fraction of the soil microbiota is easily cultivable and therefore our ability to unlock the genetic treasures locked up in it has 
been strongly hampered. Recently-developed advanced DNA-based methods enable us to directly examine genomic DNA derived 
from the soil microbiota, obviating the need to cultivate the organisms. Thus, information on the collective soil metagenome is 
obtained and a particular aim is to explore genes that encode functions of key interest to soil ecology and functioning, as well as 
biotechnology.  In particular, the metagenome of disease-suppressive soils is of interest given the expected prevalence of 
antibiotic biosynthetic clusters. Due to the complexity of the soil microbiota, deciphering the key genetic information locked up in 
it is, however, challenging. In this study, we will draw on the experience gained in the context of a trans-European project on the 
metagenomics of disease-suppressive soils denoted METACONTROL. We first describe the progress achieved in developing the 
necessary tools for metagenomic exploration. We then report on progress (i.e., what was found) and examine the critical issues 
and challenges that still impinge on the metagenomic exploration of soil. 
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1. Introduction 
 

Soil is known to contain an extreme microbial diversity per unit mass or volume [9]. By inference, the soil 
microbiota offers an excellent angle at novel microbial functions of ecological and industrial interest. For instance, 
on the basis of cultivation-based approaches, soil has been found to harbour a wealth of antibiotic biosynthesis loci. 
Such functions, in particular cases, underly the suppressiveness of soils to plant pathogens [27]. Moreover, the soil 
microbiota is also known as a goldmine for novel biocatalysts involved in biodegradation processes, including those 
of human-made polluting compounds [8]. However, the soil microbiota as-a-whole has remained largely cryptic due 
to a phenomenon called the Great Plate Count Anomaly [15,29], which describes the lack of culturability of many 
microorganisms in soil. Our understanding of soil functioning has thus been severely hampered and many key loci in 
the soil microbiota that are involved in particular population regulatory processes (such as antibiotic production loci) 
have remained cryptic.  

In the light of the currently available DNA-based technologies, the potential for exploration of the genetic 
treasures of the soil microbiota is enormous. Thus, examination of the entire soil metagenome (here defined as the 
collective genomes of the microorganisms present in a soil sample) has been proposed as a means to address the 
issue [25]. However, there are definite problems in this approach, most of them being technical [26].  

A European research project denoted Metacontrol, which ran between 2002 and 2007, aimed to unravel the 
antagonistic capacities locked up in the microbiota of disease-suppressive soils. The basic idea was to find clues as to 
the involvement of such capacities in the suppression of plant pathogens as well as to explore them for application 
purposes. The project has yielded a wealth of methodological advances and has given glimpses of the antagonistic 
potential of the soils studied. However, a full understanding of the antagonism exerted against plant pathogens is still 
missing, and this is largely due to the enormous diversity of the soil microbiota. We here describe the major 
advances that were achieved in the project and the major challenges that still lie ahead of us.  
 
2. Major advances of the Metaexplore project 
 

Disease-suppressive soils can restrict the activity of plant-pathogenic microorganisms. The key to suppression 
often lies in the soil microbiota and in situ production of antibiotics may be involved. Great part of this antagonistic 
potential may be in the as-yet-uncultured microbiota [27,30]. Therefore, unlocking this microbiota via metagenomics 
is important. The METACONTROL project, which ran as from 2002, united seven European laboratories 
[1,2,4,12,14,18,21,30], mainly from academia but including the small enterprise LibraGen (Toulouse, France), with 
the aim of accessing and examining phytopathogen-suppressive soils. The assumption was that the microbiota of 
suppressive soils would show to be reservoirs of genetic loci involved in antibiosis, such as those involved in the 
production of polyketides and chitinases. During the project, four suppressive soils were identified (Table 1) in the 
Netherlands (W, Rhizoctonia solani AG3 [10,11]), Sweden (U, Plasmodiophora brassicae), France (C, Fusarium) 
and the UK (Wy, Fusarium).  Metagenomic libraries were constructed from these soils plus one control soil (M) and 
screened for the occurrence of antibiotic functions [1,2,4,12,14,18,21,30]. In addition, a range of methodologies were 
developed that facilitated the exploration of the suppressive soil libraries [2,12,14,26]. In the following, we discuss 
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the technology developed and the choices that had to be made prior to each analytical step (Figure 1) with respect to  
(i) the soil DNA extraction methodology, (ii) the potential to “bias” the soil community or DNA, (iii) the suitability 
of the vector/host system for the objectives, (iv) the optimal screening procedure and (v) the final analysis.    
 
Soil DNA extraction and processing  

For reliable library preparation, soil DNA that accurately represents the genetic make-up of the soil microbiota is 
required in a quantity that allows efficient cloning [2,30,31]. In addition, the metagenomic DNA needs to be of 
sufficient quality with regard to purity, integrity and length of  the fragments in order to be suitable for cloning into a 
relevant vector [2]. A minimal size of 40 – 100 kb will increase the chance that the entire target pathways, e.g. those 
involved in the biosynthesis of polyketide antibiotics, can be cloned [12,13]. The METACONTROL consortium 
developed and applied advanced methodology that allowed to produce pure high molecular weight (HMW) DNA 
from all soils [2,12,18,30,32]. The most efficient approach consisted of the extraction of microbial cells from soil 
followed by gentle DNA extraction and purification using pulsed-field gel electrophoresis (PFGE) [2,30]. Cushion 
(Percoll and/or Nycodenz) pre-separation of cells from soil [2,30] was required for subsequent isolation of the HMW 
metagenomic DNA. Moreover, the microbial growth status in soil was an important determinant of soil DNA quality. 
The quality could be boosted by incubation with growth substrates [2]. Typically, this approach produced adequate 
HMW DNA, often with size > 60 -100 kb  [2,30]. We also found that high amounts of cells, i.e. minimally ca. 1011, 
were required to yield sufficient DNA for efficient library construction [14]. As soils often contain on the order of 
108 to 1010 cells per g, this finding set the rule for efficient construction of the soil metagenomic libraries.  
 
Deliberate bias and preselection  

In the project, mainly unselective approaches were used to examine the four selected naturally disease-suppressive 
soils for their anti-phytopathogen functions [2,6,12,18,26,30,32]. We thus disregarded the possibility of positive 
growth selection, as the chosen target genes/operons do not a priori imply a growth advantage in the host used for 
cloning, even in the presence of the target phytopathogens [12,30]. However, targeted approaches were developed to 
assess specific members of the microbial community. For instance, the soil was pre-treated with chitin in order to 
enhance the levels of chitinase producers [14,26]. A strong focus was also placed on the enrichment of 
metabolically-active bacterial cell fractions with the help of FACS analysis.  This strategy was hoped to increase the 
prevalence of organisms carrying the target genes, in light of their presumed function in the suppressive soil [14]. 
Metabolically-active cells were indeed successfully sorted from the soil [30,32]. However, as a result of the limited 
flow rate of the cell sorters used, throughput was limited (106 cells/hour). This  resulted in insufficient biomass for 
library construction [30]. To meet the high sorting demands in order to establish a library, more sophisticated cell 
sorters with higher flow rates are needed.   
 
Metagenomic library production   

The clone libraries obtained for the four disease-suppressive soils consisted of approximately 6,000 to 60,000 
clones and were constructed in Escherichia coli [31]. Both large insert size vectors, such as bacterial artificial 
chromosomes (BACs), that allow cloning of inserts up to 200 kb, and fosmids (that allow insertion of 35 - 45 kb 
fragments) were used. BAC vectors allow for the cloning of complex large operons and facilitate the analysis of a 
gene/operon within its original genomic context. In contrast, fosmids are able to accommodate smaller inserts and 
thereby only allow the cloning of smaller operons. Using a fosmid vector (such as the Epicentre ccFos system) 
allows for the positive selection of vectors that have acquired inserts [2,12,21,26,30]. Three libraries were based on 
fosmid vectors, the reason being the ease of obtaining appropriately-sized libraries in reasonable time. One library, 
for the M soil, was constructed in a BAC vector [4,12]. The latter vector also contained a replicon compatible with a 
Streptomyces host, which allowed shuttling between E. coli and Streptomyces metagenomic hosts. Consequently, the 
probability of heterologous gene expression was enhanced for the clones obtained in this library [4,12].  
 
Metagenomic library screening  

Soil metagenomic libraries may contain only few clones that carry a gene/operon of interest. This in addition to the 
potential constraints to gene expression in the metagenomic host strain. Hence, screening of the libraries was a 
daunting task in all cases. In the METACONTROL project, both functional and molecular screenings were used to 
uncover antagonistic functions, at varying success (hit) rates [2,12,21,26,30]. Overall, rather low numbers of 
phytopathogen-suppressive clones were found across the four libraries [2,12,30]. 
 
Functional screening 

Functional screenings of the libraries were performed in dual-culture assays. These assays allow target 
phytopathogenic organisms to grow out over metagenomic library clones arrayed on Petri dishes. Scoring during and 
following growth was for irregularities / inhibitions in growth of the target organism [4,12,30]. This experimental 
set-up led to the detection of  few positive clones (range up to 48 per library), amounting to < 0.05% of positives for 
all libraries. Such low numbers can be attributed either to a rare occurrence of target genes/operons in the vectors 
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used, or to the required molecular machineries being significantly larger than the vector inserts, a fact reported for 
many polyketide production loci. Other factors that potentially impede the detection of function of the target genes 
could be a low expression rate from the signals present in the inserts or unsuitable expression conditions on the plates 
used in these assays. For instance, for systems controlled by quorum sensing, a cellular communication mechanism 
commonly found in bacteria, the appropriate system might have been lacking in the E. coli host used. For instance, 
shuttling from E. coli to Streptomyces as the metagenomic host facilitated the expression of an antibiotic 
(amphotericin) production locus [4,12], as indicated by high activity in resulting clones against target fungi.  

Considering the potential expression bottlenecks, the low numbers of functionally-positive clones did not come as 
a surprise. In support, a screening of forest soil libraries for antifungal traits also yielded only one positive signal 
among the 113,700 fosmid clones examined [3].  One can conclude that substantial methodological improvements 
are still required to boost the percentages of positive hits and possible strategies are given below. 
 
Genetic (molecular) screening 

The libraries obtained in the METACONTROL project were also screened using molecular tools, such as 
hybridization and PCR amplification methods [31].  The success in detecting novel operons, such as those involved 
in polyketide biosynthesis, was supposed to depend on the application of deliberate degeneracy in the probes and 
primers used [4,12]. The rationale was that, this way, the molecular screening is not restricted  to previously-known 
exact sequence information and will allow a broad range of meaningful positive hits within the metagenomic library. 
The approach facilitated the identification of target genes that are similar to the query sequences. Thus, it constituted 
a rapid crude search step prior to a more resource-demanding investigation. Using the total soil community DNA as 
the target, we amplified the genes of the polyketide biosynthesis operon (PKS1) from soil DNA with degenerate 
primers. The amplicons obtained were used for the generation of probes that would thus detect the relevant PKS 
sequences in the library [12,21,30]. This approach yielded seven positive clones in one (W) soil library that 
contained genes that were likely involved in PKS biosynthesis. This contention was subsequently confirmed by end-
sequencing of the clones [30]. In the M soil, the roughly 60,000 clones from the soil  metagenomic library were 
divided into pools, which were subsequently used as templates for PKS-based PCR screenings. This allowed the 
detection of over 100 positive pools (0.22% hit rate; [12]). The amplicons were then sequenced to check for 
redundancies and for known PKS sequences. The redundancy level was  low (about 2 %) and 39 unique PKS 
sequences were found from the pools. All of these represented promising novel PKS biosynthesis operons [31]. Then, 
positive clones were identified using colony hybridization with relevant probes. These were subsequently tested, 
following shuttling into Streptomyces, for antagonistic activity against Bacillus subtilis 1A72, Staphylococcus aureus 
21, Enterococcus faecalis 40, Escherichia coli 9, Pseudomonas aeruginosa 39, Fusarium oxysporum LNPV, 
Aspergillus fumigatus Gasp 4707 and Neurospora crassa HK. They exhibited 56% antimicrobial activity against at 
least B. subtilis, 13% against S. aureus, 4% against E. faecalis and <1% partial inhibition of growth of Neurospora 
crassa mycelium (LibraGen; [31]). These screening procedures thus allowed quick access to novel PKS sequences 
that are typical for the soil community, and can be used for production [30].  
 
3. Major challenges 
 

What are the future challenges in the metagenomics exploration of suppressive soils that have become apparent 
from METACONTROL? The answer to this question is straightforward. Without doubt, there is a need to strongly 
improve the efficiencies of each step in soil metagenomics. This may imply the application of a deliberate bias to 
favour target organisms and genes/operons in the starting material, the improvement of DNE extraction methodology, 
and of cloning and screening methods aimed at increasing the throughput of metagenomics. 
 
Deliberate bias in sampled communities   

Deliberate manipulation of  microbial communities from soil offers unique possibilities to enhance metagenomics 
hit rates. For instance, prior growth selection can be applied as outlined before. Here, an intelligent selection of 
growth conditions will guide the bias. Also, FACS can be applied not only to sort the metabolically-active cell 
fractions, but also to obtain particular fractions of the community. For instance, the high-G+C% Gram-positive 
bacteria in which antibiotic production loci are abundantly present can be selected following staining with specific 
fluorescent probes. Another promise is offered by the use of stable isotopes. Stable isotope probing (SIP) introduces 
13C-labeled substrates, for example methane, into soil communities. Methanotrophs take up the 13C and incorporate it 
in their cellular macromolecules including DNA. The resulting ‘heavy’ DNA is separated from 12C-DNA by 
ultracentrifugation and sequenced, thus identifying the organisms that captured the substrate [23]. This approach was 
coupled to soil metagenomics studies [7].  It resulted in the identification of a complete methane monooxygenase 
operon, allowing insight in the enzyme and its function in soil. Also, a dominant phenol-degrading bacterium 
(identified as a Thauera sp) was found in a wastewater bioreactor [20]. Moreover, by tracking the fate of 13C-labelled 
CO2 fixed by plants into soil, important data on the plant-responsive microorganisms – which often produce 
antibiotics as secondary metabolites - can be obtained [22].  The application of SIP using other organic substrates 
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bears great potential in future explorative metagenomic studies in which organisms with particular ecological roles 
are the targets. 

Searching for better metagenomic library hosts  
Working with E. coli as the metagenomics host has clear advantages with respect to the ease of the laboratory 

work and the experience gained with it over many years. However, the use of E. coli  can be limited with regard to 
the screening of phenotypes from the soil metagenome as it is not a typical soil organism. The main restriction arises 
from the fact that particular intrinsic promoters and associated factors required for the expression of the inserts may 
be poorly recognized in this host. Moreover, essential post-translational processing and/or transport functions of the 
target genes may be lacking in this host. Rondon et al. [21] showed that only about 30% of Bacillus traits could be 
expressed in E. coli, which indicates that E. coli is at best a suboptimal host for the heterologous expression of genes 
from such typical soil bacteria. Furthermore, the host can also be sensitive to toxic compounds that are produced 
from the inserts after their transcription and translation. These host clones will consequently disappear from the 
library. Obviously, these constraints are true for any host strain selected for soil metagenomics. There are thus 
ongoing efforts to develop alternative hosts [31]. Our work also supports the premisse that working with several 
hosts instead of just E. coli will allow to strongly boost the metagenomics hit rates. 
 
The metagenomic library vector  

The METACONTROL data affirmed that critical evaluation of the host/vector system to be used in soil 
metagenomics is required [26]. For E. coli (for other hosts, only partially), three types of vectors, i.e. small-, 
medium- and large-insert size, are available. The small-insert-size vectors, that primarily permit screening for single 
gene-encoded functions, are best used in shotgun sequencing approaches. They  allow to construct libraries from 
mechanically sheared DNA. Such an approach was used for the detection of small open reading frames (ORFs) 
derived from uncultured prokaryotes from sediment [33]. On the other hand, both fosmid and BAC vectors allow 
incorporation of larger fragments and even intact operons within their genomic context. This provides a better handle 
at gene expression from complex operons. However, the fact that  pure HMW soil DNA is required in high amounts 
for efficient cloning into BAC vectors makes these less suitable for routine cloning efforts (such as required for high-
throughput setups). The selection of vector clones with inserts is also a critical step, as outlined. This could be further 
improved with the development of vector systems that favour insertions and facilitate their detection, such as in a 
conditional host-killing system.    
 

4. Concluding remarks  
 

Given the presumed huge genetic potential of the soil microbiota, it was not surprising that  several interesting 
novel biological functions were uncovered in the METACONTROL project. These included the (partial) biosynthetic 
machinery for the production of particular polyketide antibiotics, e.g. a leinamycin-like antibiotic, as well as for 
several other novel polyketides [2,4,12,21,30]. However, these discoveries did not come without a cost, as key 
difficulties were associated with the soil metagenomics approach [17-19]. The main problem was the generally low 
hit rate of promising antibiotic biosynthesis clones, even for the disease-suppressive soils. We surmised that possibly 
a main part of the extant antibiotic biosynthesis machinery is simply missed in metagenomic screens as a result of the 
generalized failure to detect it by either functional or genetic screens. Thus, we confirmed a current ‘rule-of-thumb’ 
that the search for non-housekeeping functions in soil metagenomes can be compared to looking for a needle in a 
haystack [16]. The characteristics of the soil habitat, exemplified by typical rank-abundance distribution of particular 
microbial populations, dictate this outcome and require the application of creative tricks and tools to overcome these 
limitations. What can we think of in terms of improvement? 

First, the efficiency of each step in current soil metagenomics protocols - from DNA preparation to 
screening/selection of positive clones – needs to be boosted. This may imply the further optimization of soil DNA 
extraction. In other words, extraction of DNA should be geared towards community members or metagenome 
fractions that most likely contain the genetic information of interest. For instance, total plasmid DNA (i.e. the 
“metamobilome”) can be targeted when novel biodegradation, metal or antibiotic resistance genes - that are 
frequently found on plasmids - are targeted. Also, the extraction can target, for instance, SIP (stable isotope probing) 
responsive microorganisms in cases these, that for example utilized particular 13C-labeled substrates, would be the 
target. Moreover, specific fractions of the chromosomal DNA pool,  e.g. high GC content DNA, may be targeted. 
Other improvements may build on the invention of new positive selection strategies for desired traits, either based on 
growth or on overcoming resistance. Improvements in subsequent screens may also be cogitated, e.g. improving 
high-throughput formats of increased accuracy. Moreover, to solve the problem of non-expression in E. coli hosts, 
the development of alternative hosts (either or not using shuttle vectors) will yield important progress. Further, the 
screening (gene expression) data should be increasingly linked to high-throughput sequencing. From the 
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METACONTROL project [30,31] we learned that adequate deciphering of metagenomic sequence information is a 
key issue.  

Another tool that will foster explorative metagenomics is the pre-screening of habitats in respect of the incidence, 
abundance and expression of target genes. So-called global-scale gene mapping (GGM – analogous to the concept of 
environmental gene tagging) describes habitats in terms of gene abundance and/or expression [28]. GGM can 
compare microbial gene pools across soils and provide a global perspective on target gene prevalence. For instance, 
PKS1-type polyketide biosynthetic loci are more prevalent in soil than in whale carcass, acid mine drainage or 
Sargasso sea metagenomes [28]. GGM thus allows to predict hit rates of target genes.  

One may conclude that major advances in the metagenomic exploration of suppressive soil are still required. Such 
advances will boost our capacity to finally  come to grips with the astounding soil microbial diversity and possibly 
harness it to our advantage. Guidance by GGM will be an asset in the progress. The improved or finetuned soil 
metagenomics approaches will enable us to (1) mine soil for genes / pathways of interest to biotechnological 
applications, (2) decipher identity and function of as-yet- uncultured microorganisms and (3) obtain a 
characterization of soil with regard to antagonistic function,  diversity and genetic complement. However, soil 
metagenomics will continue to be labor-intensive as well as resource-demanding [16]. On the positive side, the 
quickly-increasing throughput of sequencing technologies will assist in the rapid assessment of the prevalence of 
target genes, shedding increasing light on the soil genetic reservoir and potential for biotechnological exploration and 
application. 
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Table 1. Soil metagenomic libraries constructed under the METACONTROL project [4,12,30,31] and their characteristics* 
Soil  Library vector / 

no. of clones  

Screening (functional / 

genetic) 

No. of positive 

clones 

Remarks / references 

W - Wildekamp 

grassland, suppressive 

to Rhizoctonia solani 

AG3 

Fosmid / 

15,000 

Functional: antagonism 

against Rhizoctonia 

solani AG3 and Bacillus 

subtilis   

Genetic: use of soil-

generated PKSI** probe

7 Combined functional / genetic (PKS1) 

screening: 7 clones. Five confirmed as 

PKS1-positive clones. Three 

completely sequenced, one insert 

showing high similarity with 

Acidobacterium sp. sequences [30,31]

Wy - Wytham 

grassland  & 

Fusarium-suppressive  

agricultural soil 

Fosmid / 

100,000 

 

 

Functional: antagonism 

against Fusarium sp. 

(agar plate based dual-

culture assay).    

13 (grassland)  

2  (agricultural 

soil). Each 

clone distinct. 

Average insert size 35.6 kb. Grassland 

effective source of clones (high 

diversity). Agricultural soil low 

diversity and limited functional traits. 

End-sequencing / subcloning: mostly 

unidentified ORFs.  Efficacy of clones  

lower than strains isolated from same 

source 

C - Chateaurenard 

Fusarium-suppressive 

soil 

Fosmid/ 51,000 

BAC/60,000 

Genetic / functional 

screening 

22 Combined functional and genetic 

screening. Functional screening: 

Fusarium spore generation / hyphal 

production, Aspergillus nidulans 

growth, Hebeloma cylindrosporum 

hyphal generation. Genetic screening: 

sequencing PKS positive clones [4,12]

U - Uppsala 

Plasmodiophora 

brassicae-suppressive 

soil 

Fosmid / 8,000 Functional: antagonism 

against Pythium ultimum 

Genetic: chitinase genes 

and 16S rRNA gene 

 

- 

 

4 

Selection of Streptomyces mutomycini, 

Kitosatospora, Lentzea, Oerskovia 

revealed by fingerprinting. S. 

mutomycini and S. clavifer prevalent 

in library. Chitinase genes from soil, 

library and isolates. Cluster prevailing 

in soil not in library; library cluster not 

found in soil.  

Montrond (control) 

soil 

Fosmid / 

60,000 

Genetic / functional 

screening 

39 Thirty-nine novel PKS1 positive 

clones, most with supernatants 

showing antimicrobial activity, found 

* Modified from [31] 

**PKS1: polyketide synthesis operon for type-I polyketides 

 


