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Summary

We assessed the utility of fluorescent 

 

in situ

 

 hybrid-
ization (FISH) in the screening of clone libraries of
(meta)genomic or environmental DNA for the pres-
ence and expression of bacterial ribosomal RNA
(rRNA) genes. To establish proof-of-principle, we con-
structed a fosmid-based library in 

 

Escherichia coli

 

 of
large-sized genomic DNA fragments of the mycopha-
gous soil bacterium 

 

Collimonas fungivorans

 

, and
hybridized 768 library clones with the 

 

Collimonas

 

-
specific fluorescent probe CTE998-1015. Critical to
the success of this approach (which we refer to as
large-insert library FISH or LIL-FISH) was the ability
to induce fosmid copy number, the exponential
growth status of library clones in the FISH assay and
the use of a simple pooling strategy to reduce the
number of hybridizations. Twelve out of 768 

 

E. coli

 

clones were suspected to harbour and express 

 

Colli-
monas

 

 16S rRNA genes based on their hybridization
to CTE998-1015. This was confirmed by the finding
that all 12 clones were also identified in an indepen-
dent polymerase chain reaction-based screening of
the same 768 clones using a primer set for the spe-
cific detection of 

 

Collimonas

 

 16S ribosomal DNA
(rDNA). Fosmids isolated from these clones were
grouped by restriction analysis into two distinct con-
tigs, confirming that 

 

C

 

. 

 

fungivorans

 

 harbours at least
two 16S rRNA genes. For one contig, representing 1–
2% of the genome, the nucleotide sequence was
determined, providing us with a narrow but informa-
tive view of 

 

Collimonas

 

 genome structure and
content.

Introduction

 

Metagenomic libraries are databases of bacterial clones,
usually 

 

Escherichia coli

 

, carrying DNA fragments that
originate from the collective genomes of all organisms
present in a particular environment, habitat or assem-
blage, i.e. the so-called metagenome (Handelsman 

 

et al

 

.,
2002). Metagenomic libraries (also referred to as environ-
mental or community DNA libraries) are a valuable
resource for microbial ecologists for a number of reasons.
First, they contain genetic information that has been
obtained in a culture-independent manner. This permits
the study of DNA from all microorganisms in a sample,
including those that remain unculturable and from which
no DNA could have been isolated otherwise. Secondly,
each DNA fragment can potentially be placed and inter-
preted in the context of all other DNA fragments in the
same library. Thirdly, a metagenomic library contains a
vast amount of unexplored DNA, which offers possibilities
for the discovery of novel metabolic pathways and enzy-
matic functions.

To uncover the vast amount of information that lies
contained within a metagenomic library, several estab-
lished approaches are available. One is screening for
gene-encoded activities. Some examples are the
searches for expression of chitinases, lipases, protein-
ases or esterases (Henne 

 

et al

 

., 2000; Rondon 

 

et al

 

.,
2000), antibiotic production (Wang 

 

et al

 

., 2000; MacNeil

 

et al

 

., 2001; Gillespie 

 

et al

 

., 2002), biocatalyst activity
(Lorenz 

 

et al

 

., 2002), metabolic pathways (Henne 

 

et al

 

.,
1999) and antiporter activity (Majerník 

 

et al

 

., 2001). An
absolute requirement for such activity screenings is the
expression of foreign DNA in the host strain. A problem
arises if the host strain cannot provide the proper tran-
scription factors for a particular gene, as it will not be able
to express the corresponding activity. Proven solutions to
this problem are the use of alternative host strains (Wang

 

et al

 

., 2000) or expression vectors that stimulate the tran-
scription of cloned genes independent of their native pro-
moter (Henne 

 

et al

 

., 1999; 2000). A second type of
screening approach is aimed at establishing the phyloge-
netic diversity of the metagenome represented in the
library. This is accomplished by screening for clones that
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carry DNA inserts with a phylogenetic marker such as the
16S rRNA gene. The most common method for 16S rDNA
screening is the polymerase chain reaction (PCR) in com-
bination with primers that are specific for individual spe-
cies, genera or higher taxa (Vergin 

 

et al

 

., 1998; Béjà 

 

et al

 

.,
2000a; 2002; Quaiser 

 

et al

 

., 2002; Liles 

 

et al

 

., 2003;
Lopez-Garcia 

 

et al

 

., 2004). A bonus feature of phyloge-
netic screening is the unique opportunity to mine the DNA
flanking the phylogenetic marker gene for functions that
could disclose details on the physiology or ecology of the
organism from which the DNA originated (Stein 

 

et al

 

.,
1996; Béjà 

 

et al

 

., 2000a; 2002; Quaiser 

 

et al

 

., 2002; Liles

 

et al

 

., 2003; Lopez-Garcia 

 

et al

 

., 2004). One of the most
striking illustrations of this is the discovery of a bacterior-
hodopsin in an uncultured marine bacterium, suggesting
a lifestyle that depends on energy from sunlight (Béjà

 

et al

 

., 2000b).
Here, we have explored the possibility of merging a

gene activity screening and a phylogenetic screening into
one using fluorescent 

 

in situ

 

 hybridization (FISH) for the
detection of 16S rRNA gene expression in (meta)genomic
library clones (large-insert library FISH or LIL-FISH). We
reasoned that, of all the genes in a given bacterial
genome, the rRNA genes are probably among the most
likely ones to be expressed in an 

 

E. coli

 

 background. This
is based on the observation that, at least in 

 

E. coli

 

, the
expression of ribosomal RNA (rRNA) genes requires only
a minimal number of ubiquitous transcription factors
(Schneider 

 

et al

 

., 2003). Furthermore, rRNA genes are in
general very highly expressed (Schneider 

 

et al

 

., 2003),
which would facilitate detection of the product of 16S
rRNA gene expression, i.e. rRNA. We successfully per-
formed a proof-of-principle experiment, which showed that
a fluorescently labelled probe targeting 16S rRNA of the
mycophagous bacterium 

 

Collimonas fungivorans

 

 (de Boer

 

et al

 

., 2004) could be used to identify library clones in a

 

Collimonas

 

 genomic library that expressed the 

 

Collimo-
nas

 

 16S rRNA gene from its native promoter.

 

Results

 

Construction of a large-insert DNA library from 

 

Collimonas

 

 genomic DNA

 

We successfully used a CopyControl fosmid library pro-
duction kit (Epicentre) to construct a large-insert DNA
library from 

 

C. fungivorans

 

 strain Ter331 genomic DNA.
The first two steps of the standard protocol called for
isolation of high-molecular-weight genomic DNA and sub-
sequent shearing into 

 

ª

 

40 kb fragments. We combined
isolation and shearing into a single step by isolation of
genomic DNA from 

 

Collimonas

 

 using an UltraClean soil
DNA isolation kit (Mo Bio Laboratories). We found that, by
subjecting different amounts of an overnight culture of

 

Collimonas

 

 to the UltraClean procedure, differently sized
DNA fragments could be obtained (Fig. 1A). For example,
0.5 ml of an overnight culture resulted in 

 

>

 

20% of the DNA
sheared to the desired size of 

 

ª

 

40 kb (Fig. 1A, lane 3).
We used this DNA preparation to create a large-insert

 

Collimonas

 

 DNA library in fosmid pCC1FOS in host strain

 

E. coli

 

 EPI300. It would have been possible to produce a
library of about 4 

 

¥

 

 10

 

6

 

 clones from 0.5 ml of overnight

 

Collimonas

 

 culture, but we randomly picked 

 

n

 

 

 

=

 

 3200
clones, representing a 26-fold genome coverage (assum-
ing a genome size 

 

G

 

 of 5 Mbp and an insert size 

 

i

 

 of
40 kb). Given the formula 

 

n

 

 

 

=

 

 ln(1–

 

P

 

)/ln(1–

 

i

 

/

 

G

 

) (Sambrook

 

et al

 

., 1989), this guaranteed a probability 

 

P

 

 (expressed
as a fraction) of nearly 1 that a given DNA sequence of
the 

 

Collimonas

 

 genome was present in the library. A first
quality check of the library for DNA insert size and clone
diversity was done by restriction analysis of fosmid DNA
isolated from eight randomly selected library clones. This
revealed eight different restriction patterns and an aver-
age insert size of 33.8 

 

±

 

 3.7 kb (Fig. 1B).

 

LIL-FISH screening of the genomic DNA library for 
expression of 

 

Collimonas

 

 16S rRNA genes

 

We used FISH and 

 

Collimonas

 

-specific probe CTE998-
1015 (de Boer 

 

et al

 

., 2004) to screen 768 clones from the

 

Fig. 1.

 

Construction of the 

 

Collimonas fungivorans

 

 genomic DNA 
fosmid library.
A. One-step isolation and shearing of total DNA for ligation into vector 
pCC1FOS. Decreasing volumes (2, 1, 0.5 or 0.25 ml) of an overnight 
culture of 

 

C. fungivorans

 

 strain Ter331 produced increasingly sheared 
DNA (lanes 1, 2, 3 or 4 respectively). Details of the procedure are 
given in 

 

Experimental procedures

 

. The fifth lane shows a 25 kb size 
marker (MidRange II PFG; New England Biolabs).
B. 

 

Bam

 

HI restriction analysis of fosmid DNA isolated from eight 
randomly picked library clones. Marker sizes are given to the left. In 
all lanes, the 8.1 kb band represents vector pCC1FOS.
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E. coli

 

 EPI300 library for the expression of 

 

Collimonas

 

 16S
rRNA genes. Three factors were critical to the success of
this approach. The first was the ability to increase 10- to
20-fold the copy number of a vector carrying 

 

Collimonas

 

genomic DNA by the CopyControl feature of fosmid
pCC1FOS. Increased copy number of the 

 

Collimonas

 

 16S
rRNA gene resulted in intensified fluorescence of positive
clones and thus greatly facilitated our ability to distinguish
them from clones that did not express 

 

Collimonas

 

 16S
rRNA. Secondly, cell cultures were deliberately harvested
in the exponential phase of growth to maximize fluores-
cence signal in positive clones. Thirdly, using a simple
pooling scheme, the number of FISH reactions was
reduced dramatically. Instead of having to perform 768
individual hybridizations, we first hybridized 64 pools of 12
clones each, then split positive pools into individual clones
for a second round of FISH (Fig. 2). By this strategy, we
identified a total of 12 

 

E. coli

 

 clones that hybridized with
the 

 

Collimonas

 

-specific probe, i.e. 1B5, 1D2, 2C10, 4H12,
5B7, 5F10, 6A3, 6D9, 7C9, 7E9, 8E7 and 8G3. This result
indicates the utility of LIL-FISH for searching large-insert
DNA libraries for the expression of heterologous 16S
rRNA genes.

 

Validation by PCR screening and analysis of fosmids from 
positive clones

 

To verify the results obtained by LIL-FISH, we performed
a PCR-based search on the same 768 clones using

 

Collimonas

 

-specific primer set 6F/1015R. We found 13
clones that produced the expected 

 

ª

 

 1 kb fragment, i.e.
1B5, 1D2, 2C10, 4H12, 5B7, 5F10, 6A3, 6C3, 6D9, 7C9,
7E9, 8E7 and 8G3. All but one had also been identified
by the LIL-FISH method. The failure of clone 6C3 to be
expressed was probable due to the absence of a func-
tional promoter to direct expression of the 16S rRNA gene
(see 

 

Discussion

 

). From the 13 

 

E. coli

 

 library clones car-
rying 

 

Collimonas

 

 16S rDNA, fosmid DNA was isolated,
digested with 

 

Bam

 

HI, analysed by gel electrophoresis and
hybridized in a Southern blot to a 

 

Collimonas

 

 16S rRNA
gene probe (Fig. 3). First of all, this confirmed that all 13
fosmids contained 

 

Collimonas

 

 16S rDNA sequences.
Secondly, restriction patterns revealed that the insert
DNAs could be organized into two contigs, i.e. A and B.
For both, we were able to draw a 

 

Bam

 

HI restriction map
(Fig. 4). Finding two distinct contigs suggests that 

 

Colli-
monas

 

 harbours two copies (A and B) of the 16S rDNA
gene. Hybridization of 

 

Collimonas

 

 total DNA actually
revealed three 

 

Bam

 

HI fragments (Fig. 3, lane C). The
largest fragment corresponded to copy B found on inserts
from contig B, and the second largest to copy A on contig
A. The putative third copy of 16S rDNA appears to be
absent from the 

 

Collimonas

 

 large-insert library, possibly
because of its association with genes that are toxic in 

 

E.

coli

 

. Interestingly, the under-representation of copy A in
the fosmid library (five positive clones compared with eight
for copy B) may mean that this copy too is associated with
genes that are toxic to 

 

E. coli

 

. The presence of such genes

 

ª

 

 20 kb upstream of 16S rDNA copy A could explain the
skewed recovery of copy A from the fosmid library
(Fig. 4A).

 

Sequence analysis of an 

 

≈

 

 71 kb DNA fragment 
containing 

 

Collimonas

 

 sp. 16S rRNA gene copy B

 

To obtain a first glance into the genome content and
structure of 

 

C. fungivorans

 

, we determined the nucleotide
sequence of the largest of the two contigs by sequence
analysis of overlapping DNA inserts from fosmids
pCFUFOS19 and pCFUFOS26 (Fig. 4B). This contig B
was 71 580 bp in size, with a GC content of 59.4%. 

 

In
silico Bam

 

HI restriction analysis confirmed the map
shown in Fig. 4B. The nucleotide sequence of contig B
allowed us to determine precisely the individual sizes of
pCFUFOS inserts that constitute this contig and to calcu-
late an average insert size of 36.6 ± 2.3 kb. The 16S rDNA
sequence on contig B is in complete agreement with a
previously published (de Boer et al., 2004) partial
sequence of the Collimonas Ter331 16S rRNA gene
(accession number AJ310395). Full annotation of the
pCFUFOS19 and pCFUFOS26 DNA inserts is available
at GenBank as two overlapping entries, AY593479 and
AY593480 respectively.

Discussion

We have demonstrated the utility of LIL-FISH to screen a
large-insert DNA library for clones that carry and express
bacterial 16S rRNA genes. Although we used a single-
organism genomic library to establish proof-of-principle,
we think that it is feasible to extend the utility of the method
to the screening of metagenomic libraries. However, its
success will depend on a number of factors. The first and
major one is whether and to what degree 16S rRNA genes
from other bacteria are expressed in host strain E. coli.
We found that information on heterologous expression of
16S rDNA in E. coli is practically non-existent. One study
(Schramm et al., 2002) used FISH to confirm that expres-
sion and detection of foreign 16S rRNA in E. coli is pos-
sible; however, the foreign 16S rRNA genes were
transcribed from a vector-located, not their native, pro-
moter. From the current study, it might be concluded that
b-proteobacteria such as C. fungivorans are related
enough to E. coli to allow for their 16S rRNA genes to be
expressed. It is not clear at all whether the same holds
true for more distantly related microorganisms. However,
as increasing numbers of metagenomic libraries are con-
structed and screened phylogenetically, it becomes pos-
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sible to select individual library clones that have been
confirmed by PCR to contain 16S rDNA sequences and
subject them to the FISH procedure as described here. If
done in a systematic fashion for a wide range of phyloge-
netic groups, including unculturable representatives, a
clearer picture will arise on the restrictions of LIL-FISH for
the screening of metagenomic libraries for the expression
of 16S rRNA.

A second determinant in the success of the FISH
approach is the choice of probe. A universal probe or set
of probes (Daims et al., 1999) would theoretically allow
the identification of all 16S rDNA-containing fragments in
a metagenomic library. However, such probes can obvi-
ously not be used because hybridization to 16S rRNA of
the host strain would result in a positive score for all library
clones. This impediment of host strain background is not

unique to FISH: PCR-based methods suffer the same
problem. There, solutions include the use of species-,
genus- or other taxa-specific primer sets (Béjà et al.,
2000a; 2002; Quaiser et al., 2002), or modification of the
PCR conditions to inhibit amplification of E. coli sequences,
e.g. by template-specific termination (Liles et al., 2003).
Similar adaptations to the FISH approach are likely to
improve the method for use on metagenomic libraries. For
example, many taxa-specific FISH probes are already
available (Loy et al., 2003). An as yet untested alternative
is the use of unlabelled E. coli-specific competitor or
quenching probes (Wagner et al., 2003) in combination
with a universal probe. This could reduce the hybridization
signal from the host strain, either by hindering the hybrid-
ization of universal probe to E. coli rRNA or by preventing
the emission from universal probe bound to E. coli rRNA.

Fig. 2. Fluorescent in situ hybridization (FISH) of paraformaldehyde-fixed fosmid library clones (A–F) with eubacterial probe EUB338 (A, C and 
E) and Collimonas-specific probe CTE998-1015 (B, D and F).
A and B. A pool of 12 library clones which was scored as positive for Collimonas 16S rRNA expression.
C and D. A negative clone.
E and F. A positive clone.
G and H. A control hybridization of EUB338 (G) or CTE998-1015 (H) to Collimonas sp. Ter331 cells.
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Fig. 3. Analysis of fosmid DNA isolated from 
library clones that scored positive in the screen-
ing for Collimonas 16S rDNA.
A. Gel electrophoresis of BamHI-digested fos-
mid DNA isolated from clones 6A3, 8E7, 8G3, 
6D9, 6C3, 1D2, 7E9, 5F10, 5B7, 2C10, 1B5, 
7C9 and 4H12 (lanes 1–13 respectively). Lane 
C contains total DNA isolated from C. fungi-
vorans strain Ter331.
B. Southern blot of the gel in (A), using as a 
probe a DNA fragment containing the Collimo-
nas 16S rDNA gene.
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In terms of performance, the FISH method scored as
well as the PCR method in our search for Collimonas 16S
rDNA. The only anomaly was clone 6C3, which was
shown to contain but not express a 16S rRNA gene. End-
sequencing of pCFUFOS12, the fosmid isolated from
clone 6C3, revealed that, although a complete copy A of
the 16S rRNA gene was present at one end of the DNA
insert (Fig. 4A), the upstream DNA region that we suspect
to contain the promoter region was missing (data not
shown). This is a significant finding. First, it implies that
the 16S rRNA genes on all the 12 other fosmids were
being expressed from their native promoters. Further-
more, it provides indirect evidence that, by the FISH
method, we detected the expression, not the mere pres-
ence, of the Collimonas 16S rRNA genes in the E. coli
library clones.

Searching the Collimonas genomic library for 16S rDNA
sequences has provided us with valuable information on
the genome of this organism. For one, based on the
frequency with which copies A and B were found in the

large-insert library, we were able to estimate the C. fungi-
vorans genome size. Finding eight copies of copy B in the
library suggested an 8¥ genome coverage, so that a low-
end estimate for genome size G could be calculated as
36.6 (average insert size in kb) ¥ 768 (number of clones)/
8 (coverage) = 3.5 Mb. Similarly, a high-end estimate of
36.6 ¥ 768/5 = 5.6 Mb could be calculated from the
observed frequency of copy A. However, the latter value
is probably an overestimate because of the under-
representation of copy A in the fosmid library (Fig. 4A), as
discussed earlier.

One important question is if and in what instances LIL-
FISH might replace or complement the more commonly
used PCR approach for phylogenetic screening of
(meta)genomic libraries. On a small scale, such as the
one presented here, LIL-FISH is somewhat more labori-
ous than the PCR method and, with the current uncer-
tainty as to whether 16S rRNA genes are actually
expressed in E. coli, the PCR method probably remains
first choice as the standard screening procedure. How-

Fig. 4. BamHI restriction map of fosmids isolated from 13 positive clones and their projection on to contig A (top) or B (bottom). Vertical lines 
represent BamHI restriction sites. The block arrows show the location and orientation of 16S rDNA genes A and B. Fosmid pCFUFOS11 was 
isolated from clone 6A3, pCFUFOS16 from 8E7, pCFUFOS17 from 8G3, pCFUFOS13 from 6D9, pCFUFOS12 from 6C3, pCFUFOS19 from 
1D2, pCFUFOS15 from 7E9, pCFUFOS9 from 5F10, pCFUFOS27 from 5B7, pCFUFOS20 from 2C10, pCFUFOS18 from 1B5, pCFUFOS14 
from 7C9, and pCFUFOS26 from 4H12.
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ever, the strength of a FISH-based method such as LIL-
FISH lies in the fact that it can be combined with the power
of flow cytometry (Amann et al., 1990a; Wallner et al.,
1997). We envisage a LIL-FISH-FACS procedure in which
LIL-FISH is combined with fluorescence-activated cell
sorting (FACS) for (i) the identification and (ii) the enrich-
ment of fluorescently labelled cells.

(i) Identification of LIL-FISH-positive cells by flow
cytometry would take advantage of the fact that a large
number of cells can be analysed in a short period of time,
often thousands of cells or even more per second. This
high throughput, combined with the fact that a LIL-FISH-
FACS procedure could be fully automated (from growing
the cells to hybridization to flow cytometry) opens up the
possibility of deploying pooling strategies that allow for the
one-pass identification of LIL-FISH-positive clones in a
clone library. Such pooling strategies are based on the
‘smart’ pooling of library clones in such a way that, by
single screening of many pools, it can be resolved which
clones are positive (Bruno et al., 1995).

(ii) FACS also allows for the separation of fluorescently
labelled cells from non-fluorescent ones (Wallner et al.,
1997), so that, in principle, it would be possible to isolate
from a pool of library clones only those cells that are LIL-
FISH positive. This feature would negate the need for
pooling designs altogether. A major drawback that still
needs to be addressed is that LIL-FISH requires fixation
of the cells by paraformaldehyde, which renders the cells
non-viable and makes impossible direct isolation of fosmid
DNA from such cells for subsequent analysis. However, it
has been shown that DNA can be amplified, cloned and
sequenced from fixed cells by PCR (Wallner et al., 1997;
Fode-Vaughan et al., 2003), and it is therefore conceiv-
able that one could obtain DNA from sorted LIL-FISH cells
in a similar way, e.g. by a combination of fosmid-specific
and 16S rDNA primers. Possibly, the method could be
modified to exploit the unique properties of DNA poly-
merases such as F29 (Blanco et al., 1989) for the ampli-
fication and (sub)cloning of large DNA fragments from
16S rDNA-containing fosmids.

Experimental procedures

Construction of a large-insert fosmid DNA library from 
Collimonas genomic DNA

We isolated genomic DNA from an overnight King’s broth
(King et al., 1954) culture of C. fungivorans strain Ter331 (de
Boer et al., 2004), using an UltraClean soil DNA isolation kit
(Mo Bio Laboratories). Genomic DNA was size checked by
pulsed-field gel electrophoresis on a CHEF Mapper XA (Bio-
Rad), and ª3 mg was used as starting material in a Copy-
Control fosmid library production kit protocol (Epicentre). This
resulted in a library of ª3200 E. coli EPI300 clones, each
carrying an ª40 kb DNA fragment of Collimonas in vector

pCC1FOS. The library was stored as -80∞C glycerol stocks
in microtitre plate format.

Isolation of large-insert fosmid DNA from E. coli EPI300

Overnight cultures of E. coli EPI300 clones were diluted 10¥
in LB containing 12.5 mg ml-1 chloramphenicol and 1¥ induc-
tion solution (Epicentre) and incubated for 5 h at 37∞C,
300 r.p.m. This culture (5 ml) was used in a QIAprep spin
miniprep kit protocol (Qiagen), applying 50 ml of EB buffer
that was heated to 70∞C in the final elution step.

FISH-based search for Collimonas 16S rRNA expression 
in fosmid library clones

From the large-insert Collimonas DNA library, 768 clones
were inoculated in eight microtitre plates containing in each
well 100 ml of LB with 12.5 mg ml-1 chloramphenicol. After
overnight incubation at 37∞C, 20 ml from all wells in each row
was combined, resulting in 64 pools. Pooled cell suspen-
sions were diluted 1000¥ in 5 ml of LB containing 12.5 mg ml-
1 chloramphenicol and 1¥ induction solution (Epicentre) and
incubated for 5 h at 37∞C, 300 r.p.m. Cells from each pool
were then fixed and hybridized as described elsewhere (Egli
et al., 2003) with a Cy3-labelled (Thermo Electron) probe
CTE998-1015 that is specific for Collimonas sp. 16S rDNA
(de Boer et al., 2004). A pool was scored positive if about
10% of the cells appeared to be more fluorescent than the
remaining ª90% during analysis of the sample by epifluores-
cence microscopy (illumination with a Hg lamp using filter
combination BP515-560, FT580, LP 580) on a Leica Dia-
plan. To visualize all cells, 6-FAM-labelled (Thermo Electron)
universal probe Eub338 (Amann et al., 1990b) was used in
the same FISH reaction. Positive pools were split into indi-
vidual clones for a second round of FISH to identify E. coli
library clones carrying and expressing Collimonas 16S
rDNA.

PCR-based search for Collimonas 16S rDNA sequences 
in the fosmid library

The 768 E. coli library clones that were tested by FISH for
expression of Collimonas 16S rRNA were also screened by
PCR for the presence of DNA fragments containing Collimo-
nas 16S rDNA. Twenty microlitres of overnight microtitre plate
cultures were combined from all wells in each row, resulting
in 64 pools. Pooled cell suspensions were centrifuged, resus-
pended in 40 ml of deionized H2O, boiled for 10 min and
centrifuged again. From the supernatant, 0.5 ml was used in
a 50 ml PCR, containing 1¥ reaction buffer, 0.2 mM each
dNTP, 2.5 mM MgCl2, 12.5 pmol of primer 6F (Thermo Elec-
tron), 12.5 pmol of primer 1015R (Thermo Electron) and
2.5 U of rTaq DNA polymerase. Primer 6F is a universal 16S
rDNA primer (van der Meer et al., 1998), whereas primer
1015R is in fact an unlabelled version of Collimonas-specific
CTE998-1015. PCR conditions were as follows: 10 min at
94∞C, followed by 30 cycles of 1 min at 94∞C, 1 min at 50∞C,
1 min 30 s at 72∞C. Primer set 6F/1015R was expected to
give an ª1 kb amplification product.
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Southern blot analysis of Collimonas total DNA and E. coli 
library fosmids carrying Collimonas 16S rDNA sequences

Collimonas genomic DNA and fosmids isolated from positive
E. coli library clones were digested with BamHI, run on a
0.8% agarose gel in 1¥ TAE, transferred on to nylon mem-
brane (Roche Diagnostics) by capillary transfer under neutral
conditions (Sambrook et al., 1989) and hybridized with a
digoxigenin (DIG)-labelled 1.5 kb DNA fragment containing
the Collimonas 16S rDNA gene. Labelling, hybridization and
probe detection were done according to specifications in the
DIG-high prime DNA labelling and detection starter kit
(Roche Diagnostics).

DNA sequencing of large-insert Collimonas 
DNA plasmids

Sequencing of overlapping fosmids pCFUFOS19 and
pCFUFOS26 was performed by the Joint Genome Institute
under the auspices of the US Department of Energy’s Office
of Science, Biological and Environmental Research Program
and by the University of California, Lawrence Livermore
National Laboratory under contract no. W-7405-ENG-48,
Lawrence Berkeley National Laboratory under contract no.
DE-AC03-76SF00098 and Los Alamos National Laboratory
under contract no. W-7405-ENG-36.
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