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Cultured soil microorganisms have provided a rich 
source of natural-product chemistry. Because only a tiny 
fraction of soil microbes from soil are readily cultured, 
soil might be the greatest untapped resource for novel 
chemistry. The concept of cloning the metagenome to 
access the collective genomes and the biosynthetic 
machinery of soil microflora is explored here. 
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A new frontier of science is emerging that unites biology 
and chemistry-the exploration of natural products from 
previously uncultured soil microorganisms. The approach 
involves directly accessing the genomes of soil organisms 
that cannot be, or have not been, cultured by isolating their 
DIVA, cloning it into culturable organisms and screening 
the resultant clones for the production of new chemicals. 
The excitement surrounding this new field lies in the vast 
diversity of unknown soil microflora and the chemical rich- 
ness that they are thought to contain. The methodology has 
been made possible by advances in molecular biology and 
eukaryotic genomics, which have laid the groundwork for 
cloning and functional analysis of the collective genomes of 
soil microflora, which we term the metagenome of the soil. 

Despite the fact that the human species often treats soil 
like dirt, polluting and degrading it, soil is arguably the 
most useful and valuable habitat on earth. Humans have 
used soil for planting crops, for mining for minerals, for 
building on and for discovering medicinal chemicals for 
eons. Indeed, cultured soil microorganisms (Figure 1) are 
the most common source of antibiotics and other medicinal 
agents of any group of organisms. Pharmaceutical chemists 
and microbiologists have been culturing the diverse 
microbes of the soil (Figure 1) and screening them for 
antibiotic activity since Selman Waksman discovered strep- 
tomycin in the actinomycetes (Figure 2) (reviewed in [l]). 
But, of late, the yield of new natural products from soil 
microflora has been poor, in part because culturing recovers 
the same organisms again and again. In actinomycetes, for 
example, the rediscovery rate for antibiotics is 99% [l]. 

Despite being familiar and useful, soil is also one of the 
least understood habitats on earth. The last 25 years of 
research have revealed that culturing is an excellent 
method to learn a lot about a tiny proportion of the 
microorganisms on earth [Z-7]. Many lines of evidence 
show that fewer than 0.1% of the microorganisms in soil 
are readily cultured using current techniques [B-10]. 
And, most impressively, the other 99.9% of soil 
microflora is emerging as a world of stunning, novel 
genetic diversity. New groups of bacteria have been 
identified in soil that appear to diverge so deeply from 
the cultured bacteria that they could represent new 
phyla, or even new kingdoms of life [l l-131. Groups of 
Ar&ze~~ related to those found thus far only in the open 
ocean are soil inhabitants around the world [14,15]. Esti- 
mates are that a gram of soil might contain l,OOO-10,000 
species of unknown prokaryotes 181. There is likely to be 
further diversity within species, which current phyloge- 
netic analysis cannot resolve. Because microbes, gener- 
ally, have great genetic diversity- soil carries the 
highest populations of microbes of any habitat [lb] -and 
microbes cultured from soil have revealed tremendous 
chemical virtuosity and utility, the vast majority of as yet 
unknown microbes could well be a far greater source of 
new molecular structures than any habitat on earth. 
Tapping into this source should be a great, joint adven- 
ture for biologists and chemists. 

Figure 1 

Morphological diversity typical of microorganisms cultured from soil on 
a broad spectrum medium, tryptic soy agar. 
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Figure 2 
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Examples of the chemical diversity in some of the major phyla of bacteria. 
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Figure 3 

Cloning the metagenome is our process for 
isolating new pathways for the synthesis of 
bioactive molecules from noncultured soil 
microorganisms. DNA is extracted directly 
from soil, using gentle methods to preserve 
high-molecular-weight DNA. The DNA is cut 
using a restriction enzyme and cloned into a 
bacterial artificial chromosome (BAC), a 
vector which can carry large fragments of 
DNA in E. co/i. The BAC clones are then 
screened for biological activity and for the 
production of novel natural products. 

Soil sample 

Separate bacteria 

Isolate large DNA fragments 

Cut DNA with restriction 
enzyme 

Clone DNA in to BAC vector 

Transform E. co/i 

Screen transformants 
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Accessing the chemistry of microbial diversity presents an 
enticing but difficult challenge, in part because most of 
the novel structures are likely to be in organisms present 
in low abundance in the soil. Developing methods to 
culture the enormous diversity of soil microflora will be 
slow and tedious and will require more knowledge of the 
physiology of the unknown microbes than is presently in 
hand. What is needed is a more direct, global and rapid 
method to access the genetic riches of soil microflora. 

We have embarked on an effort to access the chemical 
diversity of soil life by cloning the metagenome of the 
soil without first culturing the microflora, treating the 
metagenome as a genomic unit. The strategy is to isolate 
metagenomic DNA directly from soil, clone it in large 

pieces into a readily cultured organism such as Eschmidirr 
co/i, and screen the clones for biological activity (Figure 3). 
The first hurdle is to clone and maintain large pieces of 
DNA. The present-day vectors of choice for such endeav- 
ours are the bacterial artificial chromosome (BAC) vectors, 
which were originally developed for cloning eukaryotic 
genome fragments. BACs are maintained at low copy 
number in E. co/i and can carry DNA inserts as large as 
350 kilobases [17]. Although used extensively for animal 
and plant genomics, BACs have not been applied much to 
bacterial genomics. The metagenome of the soil presents 
challenges of size and complexity similar to those associ- 
ated with eukaryotic genomics, so the BAC vectors are 
appropriate tools for the task. The technical challenge 
inherent in this approach is maintaining the large size of 
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the DNA fragments while removing non-DNA soil mater- 
ial that inhibits cloning. DNA fragments of up to 40 kilo- 
bases have been cloned directly from aquatic environments 
[18] and we recently cloned fragments greater than 70 kilo- 
bases directly from soil (our unpublished observations). 

Expression of anonymous microbe genes in the host cell is 
required in order for the production and detection of new 
chemicals to be possible. Although many genes will not be 
expressed in any given host, such as E. cob, many others 
will be. Our own data show that the diversity of uncul- 
tured soil microorganisms in the phylum of Proteobacteria, 
which contains E. coli, is surprisingly high, suggesting that, 
even if expression of genes was obtained from only Pro- 
teobacteria, the clone bank would provide access to fantas- 
tic genetic diversity. The known Proteobacteria are a 
diverse group of prokaryotes including many that produce 
interesting natural products (Figure 2); the myxobacteria 
are an example of a group within the Proteobacteria that 
was only recently recognized to produce diverse and valu- 
able natural products [19]. 

There is strong evidence that gene expression in E. coli 
will not be limited to genes from the Proteobacteria. 
Genes of diverse prokaryotes, from Thermus to Corynebac- 
tetium, can be expressed in E. co/i by simply introducing 
the relevant genes - no special tinkering or engineering 
of the DNA is required to obtain expression [ZO-271. This 
suggests that gene expression will not be a major barrier 
to obtaining functional clones even in E. coli. For 
example, we constructed a BAC library in E. coli with 
DNA from Badus cereus, a Gram-positive bacterium that 
is phylogenetically quite distant from E. co/i (the distance 
between them is equivalent to the distance between 
humans and paramecia). In screens for B. cereus traits in 
the library of B. cereus DNA in the E. coli host, we found 
that more than half of the traits tested were expressed in 
the library, some at quite high levels (M.R.R., S.J. Raffel, 
R.M.G. and J.H, unpublished observations). We believe, 
therefore, that this is a promising approach for cloning 
and expressing of genes from diverse organisms. More- 
over, the spectrum of gene expression might be broad- 
ened by constructing additional libraries in Streptomyces, 
Badus and Archaea. 

Some features of known biosynthetic pathways of sec- 
ondary metabolites from bacteria make the proposed 
approach feasible. First, the genes for natural-product 
biosynthetic pathways are usually clustered in prokary- 
otes [28-361, making it possible to clone an entire 
pathway into a BAC vector on a contiguous piece of 
DNA. Second, for natural products that are potentially 
toxic to prokaryotes, such as antibiotics, the biosynthetic 
clusters are linked to genes for resistance to the natural 
product, so that the organism carrying the biosynthetic 
machinery does not die because of inhibition by the 

expressed product [29,30]. It is reasonable, therefore, to 
expect that if a pathway for a natural product were 
expressed in E. coli, the resistance mechanism would be 
as well, thereby protecting the host cell. 

Recent advances in screening for biological activity make 
cloning the metagenome and screening the resultant clones 
for natural products both timely and practical. High- 
throughput screening makes it feasible to test the l,OOO,OOO 
clones that are likely to be required to cover the 
metagenome of the soil. The sensitivity of modern assays 
for biological activity, particularly those assays conducted 
on a nanoscale, provides a means for identifying clones that 
produce or export tiny amounts of an active molecule- 
only moderate expression of heterologous genes in the host 
bacterium is therefore required [37-391. The use of E. co/i 
as the host cell extends the power of this approach, given 
that E. co/i is commonly used in industrial fermentation, so 
sophisticated methods that facilitate batch production, sep- 
arations, as well as downstream processing are well estab- 
lished. This means that many of the development stages 
for commercial production of useful products have already 
been carried out before the genes are cloned, offering an 
advantage over natural products derived directly from 
‘wild’ organisms that might be difficult to tame for indus- 
trial purposes. The methods developed for the discovery of 
new natural product synthesis pathways from soil microor- 
ganisms can, in the future, be applied to other habitats, 
such as the microflora of insects or marine animals, which 
are thought to be a good source of novel compounds but are 
often difficult to culture [40]. 

Will the genetic diversity contained in the soil 
metagenome reveal a new level of chemical diversity in 
the encoded natural products? Experience suggests that it 
will. For example, marine organisms began to be intensely 
examined for natural products roughly 25 years ago, and 
the result was the identification of an impressive number 
of dramatically new compounds in a remarkably short time 
[41]. Although the question of the chemical diversity of 
the soil metagenome might still be open, we shouldn’t 
have to wait long for an answer. 

The enormous potential of soil microbial resources can 
only be tapped through the combined efforts of chemists 
and biologists. Both chemistry and biology have powerful 
and innovative techniques to bring to bear on the problem, 
and the cross-fertilization provided by jointly exploring the 
soil metagenome will, we hope, drive even greater innova- 
tion. Of course, such alliances will require new mecha- 
nisms of funding along with appropriate training to nurture 
collaborations across traditional disciplinary divides. But 
the likely discoveries - both in fundamental knowledge 
and in terms of therapeutically useful molecules - call for 
the rapid formation of such alliances, which should provide 
exhilarating experiences for all involved. 
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