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Abstract

Soil microbes represent an important source of biologically active compounds. These molecules present original and
unexpected structure and are selective inhibitors of their molecular targets. At Biosearch Italia, discovery of new
bioactive molecules is mostly carried out through the exploitation of a proprietary strain collection of over 50000
strains, mostly unusual genera of actinomycetes and uncommon filamentous fungi. A critical element in a drug
discovery based on microbial extracts is the isolation of unexploited groups of microorganisms that are at the same time
good producers of secondary metabolites. Molecular genetics can assist in these efforts. We will review the development
and application of molecular methods for the detection of uncommon genera of actinomycetes in soil DNA and for the
rapid dereplication of actinomycete isolates. The results indicate a substantial presence in many soils of the uncommon
genera and a large diversity of isolated actinomycetes. However, while uncommon actinomycete strains may provide an
increased chance of yielding novel structures, their genetics and physiology are poorly understood. To speed up their
manipulation, we have developed vectors capable of stably maintaining large segments of actinomycete DNA in
Escherichia coli and of integrating site specifically in the Streptomyces genome. These vectors are suitable for the
reconstruction of gene clusters from smaller segment of cloned DNA, the preparation of large-insert libraries from
unusual actinomycete strains and the construction of environmental libraries.
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1. Introduction

The search for new substances of pharmaceu-
tical or agricultural importance can be conducted
through screening large collections of diverse
chemical entities (generally defined as a library),
employing assays designed to detect modulators of
pharmacologically or agriculturally relevant tar-
gets. Nowadays, screening is mostly conducted in
an automated fashion and is referred to as high
throughput screening (HTS). HTS is finding
increased applications thanks to the availability
of large libraries and to the large number of targets
that are being identified through genome sequen-
cing. General considerations about HTS can be
found in a recent overview (Carrano and Donadio,
1999). A critical role in identifying novel bioactive
substances lies in the quality of the library and in
the assays employed for screening it. Some con-
siderations about assays and the appropriate
libraries to use in the antibacterial field, can be
found in another paper in this issue (Donadio et
al., 2002). In general terms, the ideal library should
consist of as many as possible different chemical
entities, without any bias in the type of chemical
classes, synthetic routes or biological activities. In
addition, it should contain a relevant fraction of
unique compounds, unlikely to be found in other
libraries. It should also consist of pure substances
of known structure and specified concentration.
Finally, increased amounts of interesting com-
pounds found through screening should be readily
obtained for further tests. Unfortunately, no single
library can satisfy all these criteria.

Microbial secondary metabolites represent a
large source of compounds endowed with inge-
nious structures and potent biological activities.
Many of the products currently used for human or
animal therapy, in animal husbandry and in
agriculture are produced by microbial fermenta-
tion, or are derived from chemical modification of
a microbial product. These products have been
obtained after a few decades of intensive screening
involving probably millions of microorganisms.
These past successes make discovering new bioac-
tive metabolites from microbial sources harder
than ever, since thousands of compounds are
described in the literature. However, different

strains generally produce different compounds.
Thus, new bioactive metabolites continue to be
identified from microbial sources, thanks to the
large variety of existing strains. However, not all
microorganisms are equally capable of producing
secondary metabolites. In fact, this capability is at
the moment restricted to a few groups of bacterial
or eukaryotic microbes. In particular, the ability to
produce a large number of chemically different
secondary metabolites is associated mostly with
the filamentous actinomycetes, the myxobacteria,
the pseudomonads and the cyanobacteria within
the prokaryotic world, and mostly to the filamen-
tous fungi for the eukaryotic microbes (G. Toppo,
personal communication).

We believe that novel antibiotics and other
bioactive secondary metabolites can still be dis-
covered from microbial sources. In our opinion,
the probability of finding novel bioactive com-
pounds depends on a series of critical factors. On
the one hand, there is the number of strains
screened and their degree of diversity; on the other
hand, their uniqueness and their potential to
produce secondary metabolites. These last two
criteria are extremely important, since intensively
screened microbes are less likely to yield novel
metabolites than unexploited groups. These criti-
cal factors must all be considered when embarking
on a screening program for bioactive metabolites
from microorganisms.

2. The strain collection and microbial extract bank
at Biosearch Italia

Our assumption is that novel metabolites can be
discovered by screening unusual or difficult to
isolate strains belonging to the two most prolific
groups of producers, the filamentous actinomy-
cetes and the filamentous fungi. This assumption
rests on the increased likelihood that they have not
been intensively screened in the past and on their
promise to be potentially capable of producing
secondary metabolites, as demonstrated for some
unusual actinomycetes (Sosio et al., 2000a). With
this assumption in mind, Biosearch Italia has
assembled a large library of processed fermenta-
tion broths ( > 150000, at the time of this writing)
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obtained from a proprietary collection of over
50000 strains (Lazzarini et al., 2000). These
processed fermentation broths are stored in a
ready-to-screen format as dried, frozen aliquots
in microtiter plates. Over 90% of them were
obtained by fermenting actinomycetes other than
Streptomyces, and filamentous fungi. Conse-
quently, the strain collection consists mainly of
unusual genera of actinomycetes (e.g. the easy-to-
isolate streptomycetes account for about 1% of the
actinomycetes isolated over the last 4 years; Fig. 1)
and of slow-growing and endophytic fungi, with
little emphasis on penicilli and aspergilli (e.g.
about 8% of eukaryotic microbes belong to these
two genera; data not shown).

The strain collection has been built through the
application of isolation methods to a large number
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of different sources, which includes soil samples,
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addition of newly isolated strains from newly
obtained specimens and a historical collection of
> 10000 dried soil samples. For isolating such a
large number of diverse microbes, tens of different
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the target group of microbes. The objective of an
isolation program consists in obtaining, with the
minimum effort, as large a number as possible of
microbes that are unusual and difficult to isolate.
We have developed a series of methods that can
assist in the isolation of unusual groups of micro-
organisms. We describe here approaches that can
be applied for the detection, dereplication and
manipulation of unusual groups of actinomycetes.
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Fig. 1. Isolation effort in actinomycetes. The pie illustrates the distribution in major families of about 9300 strains isolated in the
period 1996-2000. The portion unclassified refers to strains for which no classification was made. The enlargements show the actual
number of strains belonging to various genera in the families Micromonosporaceae and Streptosporangiaceae .
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3. Random and directed isolation methods

Isolation methods are usually applied to soil
samples or other specimens in a random way,
without an a priori knowledge of the microbial
composition of the source under investigation.
Consequently, the inability to isolate a certain
group of actinomycetes from a given soil, for
example, can be due either to their absence from
that soil, or to the use of inappropriate methods to
recover them, or to their outcompetition by other,
fast growing bacteria. It would be highly desirable
to know in advance what groups of microorgan-
isms are present in a natural source, their
relative abundance and, possibly, their diversity,
so that an appropriate effort can be devoted to
that source.

The number of bacteria present in a soil sample
can be extremely large, up to 10° g~' of soil
(Steffan et al., 1988; Weinbauer et al., 1998). Based
on the use of cultivation-independent methods, it
has also been estimated that over 99% of the
strains present in a given soil do not find a match
to described bacteria, suggesting that the large
majority of bacterial species is uncultured and may
be unculturable (Amann et al., 1995). These
studies have mostly employed amplification meth-
ods based on 16S RNA. Indeed, this sequence is
universally present in bacteria, highly conserved
and a good phylogenetic marker (Amann et al.,
1995; Woese, 1987). While the existence of invar-
iant sequences allows 16S amplification from any
bacterium, it is also possible to selectively amplify
a 16S segment from a desired group through the
use of specific primers (Knight, 2000). We rea-
soned that a similar approach could be applied to
actinomycetes. In contrast to most of the work
reported so far for these bacteria, which described
conditions for genus- or species-specific amplifica-
tion (Mehling et al., 1995; Moron et al., 1999), we
decided to develop methods for the amplification
of related groups of genera, or families. This has
been possible thanks to the extensive reclassifica-
tion and phylogenetic grouping of actinomycetes,
which has occurred during the last decade (Stack-
ebrandt et al., 1997). Most genera of filamentous
actinomycetes are described within families, and
many of these families include a few unusual

genera, suitable targets for our isolation efforts.
In addition, this strategy leaves open the possibi-
lity of detecting 16S sequences that could not be
ascribed to known genera.

Through the alignment of 16S sequences from
desired families of actinomycetes, either present in
public databases or ad hoc generated from the
strains in our collection, we set up PCR conditions
for selective amplification of strains belonging to
the order Actinomycetales, to the families Micro-
monosporaceae , Streptosporangiaceae, Thermomo-
nosporaceae and Streptomycetaceae, and to the
genus Dactylosporangium (Monciardini et al.,
2002). Three of the families include unusual genera
of actinomycetes, as is for example Dactylospor-
angium in the family Micromonosporaceae. The
family Streptomycetaceae includes mostly the
relatively easy to isolate streptomycetes. The
methods were also verified after sequencing the
cloned PCR products obtained from a mixed
population of strains, such as total soil DNA.
Because the 16S sequence is highly predictive of
the genus of the strain from which it originated, we
could phylogenetically group the sequences from
the soil clones with control actinomycete 16S
sequences, thus determining the number of
clones whose sequences grouped with the corre-
sponding family or genus (Fig. 2). We can
conclude that all the primer pairs tested detect
between 1 and 5 pg DNA, corresponding to about
100-500 8-Mb genomes containing one copy of
the 16S gene. In addition, all amplifications from
soil DNA are > 90%-specific, as judged from the
fraction of soil clones that grouped according to
predictions.

Fig. 3 reports the results obtained after sequen-
cing the products obtained from three soil samples
with the primer specific for Micromonosporaceae
(Monciardini et al., 2002). Over 75% of the
sequences obtained are different, suggesting that
each soil sample contains different Micromonos-
poraceae. While a certain correlation between soil
and sequence grouping is evident, this is not
absolute, suggesting that different genera are
present in each soil. In addition, the Dactylospor-
angium-specific primers revealed a positive signal
from one soil. The application of appropriate
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—— Thermomonosporaceae
— Pseudonocardiaceae
Target Detection | Specificity
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Streptosporangiaceae __1pg >96%

Fig. 2. Selective amplification methods. The upper part shows a simplified dendrogram showing only the groups that were specifically
amplified. The detection limit and specificity for each method are reported in the table in the bottom part (Monciardini et al., 2002).

isolation methods to this same soil allowed the
recovery of Dactylosporangium isolates (L.C.,
unpublished results). This example illustrates
how information on the microbial composition
can be useful in directing isolation of desired
genera.
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4. Strain dereplication

One important factor in increasing the prob-
ability of finding novel metabolites is through the
use of different strains. While each actinomycete
strain has probably the genetic potential for

Catenuloplanes

Fig. 3. Amplification of Micromonosporaceae sequences from soil DNA. A dendrogram of 16S sequences obtained from 29 cloned
PCR products from three different soils. Each sequence is indicated by its accession number; black, gray and empty squares indicate
sequences obtained from soil samples taken from Gerenzano (Italy), Siena (Italy) and Niger, respectively. The number of squares
corresponds to the number of clones with identical sequences. Data are from Monciardini et al. (2002).
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producing 10-20 secondary metabolite (Sosio et
al., 2000a; Omura et al., 2001; Bentley et al., 2002),
the probability of obtaining different metabolites
is substantially higher by fermenting different
strains than by repeated fermentations of the
same strain. Consequently, an important step is
strain dereplication, i.e. a rapid analysis of all the
strains isolated from the same or similar sources to
discard apparently identical isolates. This derepli-
cation is usually accomplished by comparing the
morphological characteristics of the isolated colo-
nies, such as color, shape, consistency, etc. While
this analysis can be extremely rapid and effective
in many cases, it mostly relies on subjective
parameters and is highly empirical. Furthermore,
when all isolates are homogeneous for one of these
characters, for example color, morphological dif-
ferentiation becomes less predictive of the actual
diversity of the isolates. An alternative approach
may consist in dereplicating strains through the
determination of a fingerprint for each strain.
Several approaches have been described that
make use of infrared (Naumann et al.,, 1991;
Helm et al., 1991) or mass (Goodacre and Kell,
1996) spectroscopy to generate a chemical signa-
ture for each strain, or of DNA fingerprints
(Girtler and Stanisich, 1996; Doignon-Bourcier
et al., 2000).

We have devised a molecular dereplication
method, based on PCR-RFLP of 23S rDNA and
of the 16S-23S intergenic region, that can be
directly applied to colonies on an agar plate. The
resulting fingerprints are compared among all the
isolates. From a total of 4000 isolates obtained
through a selective isolation method from a single
Italian soil, consisting mostly of Actinoplanes and
related genera, 182 strains were evaluated by PCR-
RFLP (Fig. 4). Analysis of the fingerprints
allowed the classification of the 182 strains into
99 groups, each giving a unique profile. Thus, at
least for this group of actinomycetes and for one
soil sample, genetically different strains can be
obtained in large numbers from a single source. It
remains to be seen whether this genetic diversity
based on ribosomal sequences correlates to a
genetic diversity for secondary metabolite forma-
tion.

5. Strain manipulation

The availability of a large number of diverse
actinomycete strains is a prerequisite for a success-
ful screening program based on microbial pro-
ducts. While strains belonging to unusual genera
of actinomycetes may provide a higher probability
of finding novel bioactive metabolites than Strep-
tomyces strains, the mere fact that they are
unusual implies little knowledge about their phy-
siology and genetics. Consequently, the powerful
tools that have been developed and can now be
successfully applied for the genetic manipulation
of Streptomyces (Kieser et al., 2000), are of limited
value when dealing with other filamentous actino-
mycetes. This limitation results in the inability or
inefficiency of genetically altering these strains for
the production of novel metabolites by pathway
manipulation or for an increase in metabolite
yield. However, this limitation could be at least
in part ameliorated if the genetic information for
secondary metabolite production could be trans-
ferred from the original producer strain to a
Streptomyces host of well-defined genetics and
physiology, where these genes would be efficiently
expressed. This transfer is technically conceivable,
since the formation of secondary metabolites in
actinomycetes is invariably controlled by gene
clusters, discrete genomic segments carrying all
the information required for synthesis of and, if
necessary, resistance to the metabolite. The possi-
bility of using surrogate hosts for studying and
possibly exploiting the genetics of hard- or im-
possible-to manipulate microorganisms, is arising
considerable interest in microbiology, with the
large number of uncharacterized groups of bac-
teria that exist in the environment (Rondon et al.,
2000; Beja et al., 2000a). Examples of heterologous
expression of entire clusters in model actinomy-
cetes have been reported (Kwon et al., 2001; Piel et
al., 2000; Tang et al., 2000).

Toward this objective, we have developed bac-
terial artificial chromosomes that can be shuttled
between an Escherichia coli and a Streptomyces
host. These vectors have been given the generic
name of ESAC, for E. coli-Streptomyces artificial
chromosome. A typical vector is pPAC-S2, illu-
strated in Fig. 5. It is based on the PAC-series of
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Fig. 4. Dereplication of actinoplanes isolates. A schematic of the 4000 colonies isolated, the typical aspect of many of them, and a
summary of the results obtained after PCR-RFLP of 182 colonies. The inset shows the fingerprints obtained from 20 independent
isolates after amplification of the 16S—23S spacer followed by Hinll digestion. The last lanes in the inset contain molecular weight

markers.

bacterial artificial chromosomes (Ioannou et al.,
1994) and can drive site-specific integration at the
attB site of a Streptomyces genome by virtue of
the phage ¢C31 artP-int system. In Streptomyces,
it confers resistance to thiostrepton (Sosio et al.,
2000b). An important characteristic is their ability
to harbor large DNA fragments, in the order of
100-kb, both in an E. coli host, as do other BAC
vectors, and in Streptomyces lividans, a model
streptomycete. Indeed, we have been able to stably
maintain ESACs carrying up to 120-kb of hetero-
logous DNA into the S. lividans chromosome
(Sosio et al., 2000b). This feature is extremely
important, since the genetic information required
for the synthesis of many secondary metabolites
may in some cases approach or exceed the 100-kb
size (August et al., 1998; Du et al., 2000).

In order to be versatile, these vectors should be
amenable to different applications. For example,
one should be able to make a large-insert library

from a strain of interest, in order to isolate one or
more large gene clusters. Alternatively, an avail-
able cluster, cloned as a set of smaller fragments,
can be reconstructed as one piece in these vectors.
Finally, one may wish to make a library from a
mixture of strains, either generated in the lab or
present in natural sources. These possible applica-
tions will be briefly summarized here.

The construction of a large-insert library from a
donor strain can be made following substantially
the published procedures for the construction of
other BAC libraries (Birren and Lai, 1993).
Particular care must be used in the generation of
good quality vector and insert DNA, since there is
no size-selection for clones and a sharp decrease in
electroporation efficiency occurs with increasing
DNA size (Sheng et al., 1995). Large molecular
weight DNA is handled with extreme care, so it is
normally obtained, digested and fractionated while
embedded in an agarose gel. The vector also needs
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Fig. 5. A typical ESAC vector. The vector pPAC-S2 is
depicted, with the relevant genes sacB (conferring resistance
to sucrose when not expressed), tsr (conferring resistance to
thiostrepton in Streptomyces), int (driving attP x attB site-
specific integration into the chromosome) and aph (conferring
kanamycin resistance in E. coli) indicated by arrows. The thick
bars represent the DNA segments derived from bacteriophage
P1. Unique restriction sites suitable for cloning are indicated as
B for BamHI, C for Scal and X for Xbal.

to be of very good quality and sophisticated
procedures for its preparation have been described
(Osoegawa et al., 1998). The ligation mixture of
vector and insert is then used to electroporate E.
coli cells, which are selected for kanamycin and
sucrose resistance. The latter phenotype results
from the presence of insert DNA. A representative
number of these colonies is analyzed for insert size
after digestion with Dral, which in most cases
releases the 70%-GC actinomycete DNA insert as
a single fragment. Using this approach, we have
been able to clone large DNA fragments from the
actinomycetes Streptomyces coelicolor, Planobis-
pora rosea and Nonomuria sp. The largest insert so
far cloned has been a 200-kb S. coelicolor DNA
fragment. We do not currently know whether this
size represents an upper limit for high GC DNA,
as suggested (Brosch et al., 1998; Gordon et al.,
1999), or if larger inserts of actinomycete DNA
will eventually be cloned with improved methodol-
ogies.

We have also explored the possibility of recon-
structing an available cluster starting from smaller
clones. Indeed, most antibiotic gene clusters have
been obtained without the direct cloning in
artificial chromosomes, usually from cosmid li-
braries. Thus, a 100-kb genomic segment would be
covered by 3—4 overlapping cosmids. The recon-
struction of such a segment as a single clone
through in vitro DNA manipulation is technically
challenging. In fact, the probability of finding
suitably located restriction sites decreases with the
size of the clusters. Several papers have recently
appeared describing in vivo methods for manip-
ulation of large DNA segments (Yang et al., 1997;
Muyrers et al., 1999; Narayanan et al., 1999; Yu et
al., 2000). We have developed a systematic in vivo
approach to the reconstruction of a large gene
cluster into a BAC, employing the ESAC vectors.
This procedure makes use of iterative rounds of
homologous recombination in E. coli. In each
round, desired DNA fragment is transferred from
one replicon into another through the formation
and resolution of a plasmid cointegrate. Cointe-
grate formation is facilitated by the use of a
temperature-sensitive (zs) replicon (Hamilton et
al., 1989). The desired DNA fragments are trans-
ferred from the cosmid into the zs replicon, and
from there into the ESAC vector. A typical
reconstruction sequel is shown in Fig. 6. This
procedure has been successfully used for the
faithful reconstruction of a 90-kb segment from
the P. rosea genome, which was originally en-
compassed by three separate cosmids (Sosio et al.,
2001). This strategy for cluster assembly may be
desirable in all those cases where a genomic
segment of interest has been isolated and char-
acterized, but the DNA of the original actinomy-
cete strain is readily degraded wupon gel-
electrophoresis, as if often the case with this group
of microorganisms (Ray et al., 1995).

Recently, the fascinating possibility has been
discussed of directly accessing the genetic informa-
tion present in complex sources, without the need
to cultivate and isolate the corresponding microbes
(Handelsman et al., 1998). The development of
efficient methods for the construction of large-
insert DNA libraries may provide the tantalizing
possibility of obtaining whole pathways cloned



Te
aph
cat
44°C Km + Cm -
tet
g R cat e S
aph
aph Km ) aph : P
30°¢C
cointegrate resolved

cointegrate A

cat

Fig. 6. Assembly of a cluster into ESAC. The figure depicts a strategy for assembly using multiple rounds of homologous recombination in E. coli (Sosio et al., 2001). The
original cluster, present as three cosmids, is illustrated in the top. Four fragments, depicted in different colors, are necessary for constructing a four-fragment cassette in the
ESAC vector. Two fragments denote the two ends of the clusters, while the other two fragments derive from the two regions of overlaps between cosmids. The insert is first
transferred from each cosmid into a zs replicon (denoted by the red circle), and then into the ESAC vector, leading to its progressive enlargement. The insertion of the zet
marker (conferring tetracycline resistance) facilitates the recognition of the desired constructs after resolution of the cointegrates. Other abbreviations: api and cat, Km-
and Cm-resistance gene, respectively; Cm, chloramphemicol; Km, kanamycin.

861—L81 (200Z) 66 430jouydaz01g fo jpuinop | v 12 opvuoq °S

s6l



196 S. Donadio et al. | Journal of Biotechnology 99 (2002) 187—-198

and expressed in suitable surrogate hosts (Rondon
et al., 1999; Beja et al., 2000b). Thus, one may
access gene clusters for the production of bioactive
metabolites from the large number of uncultured
bacteria present in the environment without the
need to actually isolate them. Although we do not
yet know the genetic potential for producing
secondary metabolites of these unknown bacteria,
the expression of environmental DNA may be the
fastest way to provide an answer to this question.

The ESAC vectors may also be suitable for this
application. In fact, Streptomyces species seem to
have one of the most complex sets of promoters
within the bacterial world, and these strains can
efficiently transcribe heterologous promoters
(Brawner, 1994). It is tempting to utilize the
ESAC vectors also for constructing libraries
utilizing DNA from environmental sources and
expressing these clones in Streptomyces. Soil seems
to be one of the richest sources of bacteria for this
purpose. However, obtaining a sufficient quantity
of good quality DNA for the construction of a
large-insert size library is no trivial task. Using
approaches directed at separating living cells from
the bulk of the soil, we can obtain the first ‘soil
clones’, some with > 50-kb inserts. Remarkably, a
good fraction of these clones contain high-GC
DNA (C.C. et al., unpublished results). As we
learn more about the putative phylogenetic affilia-
tions of the unknown bacteria in soil, better
predictions can be made about the possibility of
effectively expressing large gene clusters from soil
DNA in a surrogate host.

6. Conclusions and future perspectives

The discovery of novel bioactive metabolites
from microbial sources is a challenging endeavor
that can bring substantial rewards when success-
ful. The main challenge stems from the large
number of microbial products that have been
already discovered. However, microorganisms
possess a remarkable imagination in making
chemical structures and in deploying intricate
machineries for their synthesis, which results in a
vast number of structurally original and potent

bioactive compounds, difficult or impossible to
find in any chemical or combinatorial library.

The application of molecular techniques can
greatly improve the efficiency through which
desired groups of microorganisms can be detected
in environmental samples and isolated from them.
Furthermore, even within the actinomycetes, a
group extensively exploited in screening, sequences
belonging to undescribed groups can be detected
using family-specific primers (Monciardini et al.,
2002). With reasonable effort, strains belonging to
unreported groups of actinomycetes are likely to
be isolated and cultivated. We believe that micro-
biologists skilled in the isolation of unusual
microorganisms can effectively synergize with
molecular biologists developing sophisticated de-
tection and dereplication techniques for a full
exploitation of the chemical diversity produced
by unusual groups of actinomycetes. It is also
likely that these methodologies can be successfully
applied to other groups of microbes producing
secondary metabolites. Finally, access to the
genetics of previously uncultured or poorly char-
acterized actinomycetes can be substantially im-
proved through the expression of selected genes in
a heterologous host. The ESAC technology offers
the possibility of adding new tools for an effective
manipulation of unusual actinomycetes detected
and isolated from the environment.
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