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The vast majority of bacteria in the environment have yet to be cultured. Consequently, a major proportion
of both genetic diversity within known gene families and an unknown number of novel gene families reside in
these uncultured organisms. Isolation of these genes is limited by lack of sequence information. Where such
sequence data exist, PCR directed at conserved sequence motifs recovers only partial genes. Here we outline
a strategy for recovering complete open reading frames from environmental DNA samples. PCR assays were
designed to target the 59-base element family of recombination sites that flank gene cassettes associated with
integrons. Using such assays, diverse gene cassettes could be amplified from the vast majority of environmental
DNA samples tested. These gene cassettes contained complete open reading frames, the majority of which were
associated with ribosome binding sites. Novel genes with clear homologies to phosphotransferase, DNA
glycosylase, methyl transferase, and thiotransferase genes were identified. However, the majority of amplified
gene cassettes contained open reading frames with no identifiable homologues in databases. Accumulation
analysis of the gene cassettes amplified from soil samples showed no signs of saturation, and soil samples taken
at 1-m intervals along transects demonstrated different amplification profiles. Taken together, the genetic
novelty, steep accumulation curves, and spatial heterogeneity of genes recovered show that this method taps
into a vast pool of unexploited genetic diversity. The success of this approach indicates that mobile gene
cassettes and, by inference, integrons are widespread in natural environments and are likely to contribute
significantly to bacterial diversity.
but is limited by the availability of suitable priming sites and
does not recover intact genes.
The genomics era has clearly indicated that a large proportion of bacterial genes have been acquired by horizontal gene
transfer (19). Thus, there is an opportunity to recover a significant proportion of the “undiscovered” bacterial gene pool, not
by targeting gene sequences themselves, but rather by targeting
conserved sequences associated with mobile elements. Horizontal gene transfer is facilitated by a number of genetic elements in bacteria, including plasmids, transposons, and integrons. Traditionally, most attention has focused on plasmids
and transposons. This is particularly true for environmental
microbiology (24). However, since integrons have recently
been demonstrated to occur in the chromosomes of diverse
bacterial species (22) and integron integrases are recoverable
from environmental samples (18), we reasoned that integrons
are widespread in natural environments.
Integrons are gene acquisition and expression systems. The
units of DNA captured by integrons, gene cassettes, are the
simplest known mobile elements and consist of only a gene and
a recombination site known as a 59-be (59-base element) (1,
21). Cassettes are inserted into or excised from integrons by a
site-specific recombination reaction catalyzed by the integron
integrase, IntI (Fig. 1) (3, 5, 7, 17, 26). Multiple insertion
events lead to the formation of multicassette arrays, which in
chromosomal integrons may contain over 150 cassettes (2).
In such arrays, essentially all cassette-associated genes are
flanked by 59-be recombination sites. While these sites are

Over the past decade, it has become clear that the majority
of bacteria in environmental samples remain undescribed. Examination of environmental samples with molecular methods
or microscopy has revealed a large discrepancy between the
relatively few organisms capable of being cultured from such
samples and the diversity and numbers of organisms actually
present (9, 15, 20). Because the majority of bacteria are yet to
be discovered or brought into culture, it is clear that the majority of their genetic diversity is unknown. This unknown
diversity is in the form of both undiscovered gene families and
undiscovered genetic variation within known gene families. In
anticipation of recovering useful genes from this unexplored
gene pool, various research groups have designed methods for
identifying genes in the yet to be cultured fraction of the
microbiota. Two approaches are currently being used: PCR
amplification of known gene families (14, 23, 29) and screening
of shotgun libraries of large DNA fragments generated from
environmental sources (often in bacterial artificial chromosomes) by using mass sequencing, hybridization, or activity
assays (11, 12, 25). The shotgun approach is limited by the
effort involved in identifying genes within the large sequence
fragments. PCR has the potential to overcome this problem,
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variable in terms of both their sequence and length, they do
have a number of common features, including a conserved
sequence of about 25 bp at each end that forms imperfect
inverted repeats (Fig. 1) (27).
Several features of the integron-gene cassette system suggested to us that it might provide a means by which intact novel
genes could be recovered directly from environmental DNA by
PCR without prior sequence data. First, integrons appear to be
a feature of many and diverse bacterial species (18, 22). Second, many of the cassette arrays associated with chromosomal
integrons are very large (2, 22). Third, the structure of multiple
cassette arrays means that individual genes are flanked by
conserved sequences (59-be sites) that are potential targets for
PCR primers. Here we show that the use of PCR primers
targeting 59-be sites allows the recovery of complete genes, the
vast majority of which are novel and do not encode products
that have orthologs in protein databases.
MATERIALS AND METHODS
DNA template isolation. Soil, sediment, biomass, or water samples were collected from a variety of locations in Australia and Antarctica (Table 1). DNA was
isolated from 400 ⫾ 20 mg (500 ml for water samples) of material by a beadbeating procedure (28). Details of sample collection and processing have been
previously described for most locations (13, 29). The Yerranderie silver mine
samples were collected at 1-m intervals along a linear transect crossing the mine

drainage channel. Samples from Cape Denison were taken at multiple points
around the perimeter of a penguin colony.
PCR amplification. The primers to conserved sequences in 59-be sites used
were HS286 (5⬘ GGGATCCTCSGCTKGARCGAMTTGTTAGVC 3⬘) and
HS287 (5⬘ GGGATCCGCSGCTKANCTCVRRCGTTAGSC 3⬘). These primers target the flanking regions of 59-be sites as shown in Fig. 1. The underlined
sequence is a BamHI linker that is not complementary to 59-be sequences.
Reaction mixes consisted of approximately 5 ng of template DNA, 100 pmol of
each primer, 200 nM deoxynucleoside triphosphate (dNTP) mix, 2 mM MgCl2,
and 1 U of Red Hot DNA polymerase (Advanced Biotechnologies) in the
reaction buffer supplied with the enzyme. The PCR was carried out by standard
techniques with the following cycling program: 94°C for 3 min for 1 cycle, 94°C
for 30 s, 55°C for 30 s, 72°C for 2 min 30 s for 35 cycles, and 72°C for 5 min for
1 cycle. All template DNAs gave a positive result in a control 16S ribosomal
DNA amplification, performed with the primers f27 and r1492 as previously
described (28).
Ligation and transformation. PCR products were ligated into the pGEM-T Easy
vector (Promega, Madison, Wis.) following the manufacturer’s instructions. The ligation mixture was transformed by heat shock into Escherichia coli JM109 competent cells (catalog no. L2001; Promega) following the manufacturer’s protocol.
Plasmid isolation and sequencing. Plasmid from clones containing insert was
isolated from 3-ml overnight cultures by using the Wizard Plus Miniprep DNA
purification system (Promega) as per the manufacturer’s instructions. DNA
sequencing of cloned inserts was performed at the Macquarie Sequencing Facility (Macquarie University, New South Wales, Australia) with an ABI Prism
377 (PE Biosystems), using primers flanking the insert region pGEMF (5⬘ CCG
ACGTCGCATGCTCC 3⬘) and pGEMR (5⬘ CTCCCATATGGTCGACCTG
3⬘). For clones with longer inserts, complete sequence was generated by the use
of additional sequencing primers specific for the inserts in question.
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FIG. 1. Exploitation of the integron-gene cassette system for recovery of intact genes by PCR. Gene cassettes form integrated, linear arrays
when in association with integrons. Cassettes can integrate at either the integron-associated recombination site (attI) or cassette-associated
recombination sites (59-be family). In all cases, the recombination boundary is within a highly conserved GTTRRRY motif as shown. The primers
HS286 and HS287 target conserved sequence within the left and right halves of 59-bes, respectively. When used in cassette PCR, these primers
recover intact genes or arrays of genes as shown. The example sequence shown is that of the aadB 59-be.
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TABLE 1. Environmental sites sampled for gene cassettes
Description

Sample type

No. of
samplesb

No. PCR
positivec

No. of clones
sequenced

Balmain, NSW
Homebush, NSW
Macquarie, NSW
Lidsdale, NSW
Sturt National Park, NSW
Nullarbor, SA
Shelley Beach, NSW
Hunter River, NSW
Namoi River, NSW
Yerranderie, NSW
Cape Denison, Antarctica
Flinders Ranges, SA
Lomatia Creek, NSW
Jubilee 1, NSW
Jubilee 2, NSW

Abandoned industrial site
Abandoned industrial site
Urban eucalypt forest
Mixed plantation forest
Semidesert
Aquatic cave
Ocean beach
Shallow river
Shallow river
Abandoned silver mine
Penguin colony
Hot spring, 48–63°C
Urban creek
Abandoned dump site
Urban creek

Contaminated soil
Contaminated estuarine sediment
Soil
Soil
Sandy and stony soils
Microbial biofilm
Seawater
Sediment
Sediment
Soil and sediment, low pH
Ornithogenic soil
Microbial biofilm and sediment
Microbial biofilm and sediment
Contaminated soil
Sediment

6
10
8
2
9
6
1
2
6
29
12
9
6
3
1

4
5
3
2
5
2
0
0
6
28
10
9
6
3
1

32
20
NDd
ND
4
ND
ND
ND
ND
26
8
7
6
5
6

a
Samples used for cloning are represented by the following acronyms: Balmain, Bal; Homebush, HB; Pulgamurtie landform, Sturt National Park, Pu; Yerranderie
silver mine, SM; Cape Denison ornithogenic soil, Orn; Flinders ranges hot spring, FR; Lomatia creek sediment, Lom; Jubilee dump, Dum; Jubilee creek sediment, Sed.
NSW, New South Wales; SA, South Australia.
b
Number of independent samples collected and tested with the cassette PCR.
c
Number of samples generating PCR products. PCR profiles from the same sample were highly reproducible; independent samples collected at the same location
showed high levels of intersample variability.
d
ND, not determined. Libraries were not constructed from these samples.

Sequence retrieval and analysis. Sequence analyses were performed with
programs available through the BioNavigator package (eBioinformatics Pty.,
Ltd. [http://www.eBioinformatics.com]) and the GCG package (Genetics Computer Group, Madison, Wis.). Open reading frames (ORFs) were identified by
using MAP. Homologs to inferred proteins were searched for by BLASTP and
PSI-BLAST. Putative 59-be sites were identified by searching cloned sequences
by eye. Identified putative 59-be sites (Fig. 2) fulfilled the following criteria.
(i) They possessed the eight invariant residues found within known 59-be sites.
(ii) Two putative IntI-like simple sites were present. (iii) They possessed a
significant inverted repeat structure that included the two putative simple sites
and the sequence located between these sites (27).

Nomenclature and classification. Gene cassettes have few sequence elements
in common, but show distinct organizational patterns. All clones obtained here
were assigned to groups according to the number of cassettes inferred to be
present in the amplicon. Thus, group 1 PCR products are inferred to contain a
single gene cassette, group 2 products are inferred to contain two cassettes in an
array, and group 3 products are inferred to contain three cassettes. The cassettes
within each clone were classified into one of seven distinct types (A to G)
according to the number and orientation of ORFs (Table 2). The orientation of
an ORF was defined by its associated 59-be if present or from the position of the
HS287 primer for group 1 clones. All clones are thus classified according to both
the number and type of cassettes they contain. For example, a group 3ABA clone

FIG. 2. Comparison of a typical 59-be recovered from environmental DNA with a 59-be from an antibiotic resistance gene cassette. (A) The
relatively conserved first 29 and last 28 bases of each element (27) are indicated. The numbers indicate the number of bases in the central region
of each 59-be. The aadB 59-be is from the previously described aadB gene cassette (1, 21). The HB14 element is an example of an element from
environmental DNA (accession no. AF265263). The sequences are those found in the circular gene cassette. The recombination crossover point
for insertion of a circular cassette into an integron array is between the G and first T of site 1R (27). Consequently the last 6 bases of a cassette’s
59-be are located at the front of the cassette (Fig. 1). For HB14, these 6 bases are within the binding region of the HS286 primer and are shown
in lowercase. Asterisks indicate the eight invariant residues in 59-be sites (7, 27). The left and right simple sites are indicated by the overlined bar.
The inverted repeats associated with these simple sites and which comprise putative IntI binding domains are named and indicated by the
horizontal arrows and shading (6, 27). (B) The aadB and HB14 elements are shown as foldbacks to emphasize their inverted repeat structure and
their structural similarity. The putative IntI binding domains are shaded.
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TABLE 2. Distribution of structural arrangements in known gene cassette pools
Total no. of
cassettesc

No. in Bald
libraries

No. in HBd
library

No. in Ornd
library

A

121

92 (54)

36 (10)

11 (9)

11 (4)

B

6

4 (3)

2 (1)

0

1 (1)

C

4

0

0

0

0

D

9

0

0

0

0

E

11

6 (5)

1 (1)

0

0

F

10

0

0

0

0

G

11

21 (16)

8 (4)

6 (6)

0

172b

123 (78)

47 (16)

17 (15)

Arangement and
orientation of ORFsa

Total

12 (5)

a

Open arrowed boxes denote ORFs and their orientation. No obvious ORFs are present in type G cassettes.
An additional seven cassettes in V. cholerae are atypical and may represent illegitimate recombination or transposition events (10).
Forty-five cassettes were contained within arrays, and the presence of internal 59-be sites within such arrays confirms their identity as gene cassettes. The remaining
78 cassettes were not part of arrays and therefore did not possess an internal 59-be (this includes OrnC5, which comprises two type A cassettes within a single plasmid).
The numbers of these single cassettes for each type are indicated in parentheses in this and the remaining columns.
d
Libraries were constructed from 15 samples. These columns display data from the three most extensively sequenced libraries, Balmain (Bal), Homebush (HB), and
Cape Denison ornithogenic soil (Orn).
b
c

has three cassettes, a type A, followed by type B, and then another type A.
Individual clones are designated according to a two- to four-letter code indicating the sample of origin followed by a unique number (or alphanumeric) for that
library (Table 1). Identified ORFs within gene cassettes were generally greater
than 50 codons, beginning with an ATG, GTG, or TTG. Where more than one
ORF matched these criteria, the longest ORF was considered to be the most
likely coding sequence.
Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences described herein are AF265260 to AF265275, AF349046 to
AF349111, AF356540, and AF378527 to AF378541.

RESULTS
PCR with 59-be primers is cassette specific. In an attempt to
recover cassette-associated bacterial genes from natural environments, PCR primers to the left- and right-hand conserved
regions of 59-be sites were designed. These primers, HS286
and HS287, specific for the left and right halves, respectively,
are oriented as shown in Fig. 1. PCR was performed with 113
DNA samples derived from a total of 15 sites (Table 1) in
Australia and Antarctica. Sites were selected to represent a
diverse range of environments and included marine and freshwater, as well as terrestrial environments that have suffered
various levels of anthropogenic disturbance. Multiple, independent samples were collected from each site, and it was
found that the vast majority of samples provided DNA that
produced cassette PCR products (Table 1). Where present,
multiple products were recovered with fragment sizes mostly
falling within the range of 300 to 1,000 bp.
Clone libraries were constructed from 15 of the DNA samples (Table 1). A total of 114 clones were sequenced from
these libraries. A small number of sequences were found to
occur more than once in the libraries, giving a total of 99
distinct clone types (now referred to as clones) in all libraries.
The insert sizes of the cloned fragments ranged from 251 to
1,497 bp. These sequences were analyzed to assess the specificity of the PCR for gene cassettes in different environments.
In the strategy employed here, successful amplification relies
on the occurrence of multiple cassettes incorporated in an
array and could result in the amplification of a single cassette

or multiple cassettes (Fig. 1). In the simplest scenario, where
primer binding sites flank a single cassette, the amplification
products will not include any sequence elements conserved
between all gene cassettes (group 1 products [see Materials
and Methods]). Therefore, to assess the specificity of our PCR
technique, we examined the net pattern of arrangement of
sequence features in our amplicons. As shown in Table 2, there
are only seven known arrangements for genetic features within gene cassettes with a very strong bias toward arrangement
type A.
The most obvious sequence feature in the amplicons is represented by the PCR primers, which show a nonrandom distribution among the amplicons. In 97 of the 99 clones, the
HS286 primer is at one end and the HS287 primer is at the
other. This indicates that the PCR products reflect a very
strong trend for binding sites for these two primers to be linked
and that this linkage of primer binding sites is due to their
specificity for 59-be sites present in linear gene cassette arrays.
The competitive nature of PCR is expected to favor the
amplification of shorter PCR products resulting in a bias toward amplicons representing a single gene cassette. Given
the strong bias toward single-ORF, and therefore generally
smaller, cassettes (type A [see Materials and Methods]), we
anticipated the majority of amplicons would contain a single
ORF with its start and stop codons in close proximity to the
HS287 and HS286 primers, respectively. Examination of all
cloned sequences showed this to be the case for 54 clones,
which we consider to represent group 1A amplicons (i.e., one
cassette of arrangement type A) (Table 2). The orientation of
the ORF with respect to the two primers is equivalent to the
specific orientation of cassette ORFs in known integron arrays.
This proportion of intact ORFs, in defined orientation, is
highly unlikely to be recovered by chance.
The defining feature of a gene cassette is a 59-be recombination site. We anticipated a significant proportion of amplicons to represent multiple gene cassettes and include 59-be
sites. All clones were examined for putative 59-be sites (see
Materials and Methods). As expected, none of the group1A

Downloaded from http://aem.asm.org/ on September 19, 2019 by guest

No. of Vibrio
cholerae cassettes

Type

5244

STOKES ET AL.

FIG. 3. Amplification of gene cassettes along a soil transect. Soil
samples were collected at 1-m intervals along a transect spanning a
drainage channel at an abandoned silver mine in Yerranderie (Table
1). DNA extracted from each sample was amplified with the primers
HS286 and HS287. Products were separated by electrophoresis on 2%
agarose and stained with ethidium bromide. Adjacent lanes represent
samples separated by 1 m. Note the diversity of amplification products
generated and their spatial heterogeneity. Only a few adjacent samples
exhibit similar amplification profiles. Each marker lane (m) contains a
100-bp ladder.

to be due to differences in both cassette composition and
relative abundance between sample points.
Cassette-associated genes are novel. In total, 107 ORFs
were found in cassettes of types A, B, and E (Table 2). For
none of these ORFs could an obvious promoter be identified.
Additionally, there was no room for a promoter in approximately 80% of cases, since the cassette boundary is less than 40
bases from the putative start codon in these clones. However,
this arrangement is typical for most cassette-associated genes,
because, where it has been examined, transcription is driven by
the integron promoter Pc (4, 16). For 57 of the 107 ORFs, a
putative ribosome binding site was identified.
Database searches were carried out with the predicted products of all 107 ORFs. All were found to be previously undescribed, with only 13 displaying a significant relationship to
proteins present in sequence databases (Table 3). Of these,
eight matched to hypothetical proteins found in a range of
Proteobacteria and, in one case, to a bacteriophage-encoded
protein. The predicted protein from orf90_Pu8 (Table 3), also
showed a significant match to a hypothetical protein (encoded
by vca0332) located in a cassette in the V. cholerae integron
(10). Protein families that had homologues in environmental
cassettes were a hygromycin phosphotransferase, a putative
toxin antidote protein, a PemK-like plasmid maintenance protein, an RNA methyl transferase, a thiosulfate thiotransferase,
and a pyrimidine dimer DNA glycosylase.
DISCUSSION
It is increasingly clear that integrons are a common feature
of bacterial genomes, and the number of integron classes recovered from natural environments now exceeds those from
clinical environments (18, 22). The range of genera now known
to host integrons is also very broad and includes Vibrio, She-
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amplicons contained a putative 59-be, further suggesting that
these clones represent a single cassette. A total of 20 clones
were found to contain one or more putative 59-be sites (Fig. 2).
In 12 of these, the putative 59-be was located in the sequence
between two forward ORFs. These clones are considered to
represent group 2AA amplicons, derived from two type A
cassettes (Table 2) within an array. We also recovered three
group 3AAA amplicons, each of which included three ORFs
and two putative 59-be sites. In each of these cases, the putative element was located between two adjacent ORFs. The remaining clones included alternate cassette arrangement types
in their array. Clone Bal25 represents a group 2BA amplicon,
since the ORF in the first cassette is in reverse orientation
(Table 2). Bal33 (group 2AG) and SM63A4 (group 2GA) each
included one cassette with no apparent ORF. The first cassette
in Pu8 (group 3EAA) contained two ORFs in the forward
orientation, and none of the cassettes in Bal48 (group 3GGG)
contained an ORF.
Taken together, these data demonstrate that the HS286HS287 primer pair is highly selective for integron-associated
cassette arrays. As such, it is probable that the majority of the
remaining (24 of 99) clones represent single cassettes of arrangement types B, E, and G. On this basis, we infer that the
environmental gene cassette libraries analyzed here contain a
total of 123 cassettes (Table 2). Two observations provide
additional support for this conclusion. First, the relative proportions of cassette arrangement types in the environmental
clones are consistent with the relative proportion of such arrangement types in the fully characterized Vibrio cholerae
N16961 integron (Table 2). Second, of the 16 group 1G amplicons, 8 show sequence homology (⬎60%) to the type G
cassette recovered in Bal33 (group 2AG) and 4 show sequence
homology to the first cassette of the array in Bal48 (group
3GGG). These type G cassettes appear to constitute relatively
common families of unknown function.
Cassettes are abundant in natural environments. A total of
123 cassettes (Table 2) were identified in the clone libraries.
Only 17 of these cassettes were recovered more than once, and
where this occurred, identical cassettes were obtained from the
same PCR sample. Several features of the recovered cassettes
are notable, including the fact that the pool of cassettes in
natural environments is very large, suggesting that the number
sampled is significantly less than the total available pool of
cassettes present in the environments tested. This is true even
for the environments most extensively assayed (Table 2). In the
case of Balmain, 47 distinct cassettes were recovered from a
total sample size of 50.
To further assess the diversity of the cassette gene pool, we
examined spatial variation in the cassette-PCR product profile.
At three locations, Yerranderie, Cape Denison, and Sturt National Park, multiple samples were collected along transects.
The electrophoretic profile for independent amplification reactions of the same DNA sample was highly reproducible at all
sites (data not shown). In contrast, independent samples produced different patterns of PCR products (Fig. 3). This included adjacent sample sites separated by as little as 1 m.
Although we cannot extrapolate from the number of observed
bands to the number of cassettes, these data clearly indicate a
high level of spatial variability in the cassette pool. This is likely
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TABLE 3. Cassette gene products with database matches
Top database hit

Function of matching protein

orf297_Bal40
orf101_FR60F2
orf117_HB2
orf346_Pu5
orf271_Pu11
orf81_SedF7
orf113_SedF7
orf132_Bal2-28
orf208_Bal31
orf133_Bal32
orf90_Pu8
orf105_Pu8
orf147_SM63E3

Bacillus subtilis (CAB15191) (P ⫽ 1.3e–15)
Streptomyces coelicolor (CAA22728) (P ⫽ 8.5e–21)
Bacteriophage 933W (AAD25429) (P ⫽ 7.5e–31)
Streptomyces sp. (KYYB_STRHY) (P ⫽ 0.002)
Streptomyces peucetius (CAA06603) (P ⫽ 1.3e–5)
Pyrococcus horikoshii (BAA29861) (P ⫽ 0.00056)
Staphylococcus aureus (CAA71064) (P ⫽ 1e–21)
Pseudomonas aeruginosa (AAG07752) (P ⫽ 1e–15)
Thermus thermophilus (BAB17605) (P ⫽ 8e–17)
Mycobacterium tuberculosis (Y034_MYCTU) (P ⫽ 1.8e–18)
Synechocystis sp. strain PCC6803 (BAA17409) (P ⫽ 1.3e–27)
Mycobacterium tuberculosis (YM71_MYCTU) (P ⫽ 2.6e–16)
Micrococcus luteus (BAA11346) (P ⫽ 6.4e–48)

Conserved hypothetical protein
Conserved hypothetical protein
Hypothetical protein
Aminoglycoside phosphotransferase
Possible thiosulfate thiotransferase
Possible toxin antidote protein
PemK family, toxin part of plasmid maintenance system
Hypothetical protein
RNA methyl transferase
Hypothetical protein
Conserved hypothetical protein
Hypothetical protein
Pyrimidine dimer DNA glycosylase

wanella, Geobacter, Treponema, and Nitrosomonas (18, 22), and
this list will undoubtedly continue to grow. This diversity of
species hosting integrons means that platforms suitable for the
storage, acquisition, rearrangement, and expression of gene
cassettes may be widespread in nature. In this context, the data
discussed below are particularly significant, since they strongly
support the hypothesis presented above that integrons are very
common, if not ubiquitous, in natural bacterial populations.
The cassette-associated gene pool is very large. Where products were obtained, the PCR protocol used here was highly
selective for gene cassettes in all environments tested. Despite
this, it is apparent that the 123 cassettes recovered are not
representative of the diversity of cassettes in these environments. Indeed only one cassette, that of clone HB5, was sampled more than twice. The extent to which the sequenced
clones undersample the diversity present in the PCR products
is highlighted by calculation of sampling efficiency. Coverage is
a statistical measure of the fraction of an infinite sample set
that is included in an actual sample set (8). Calculation of the
coverage with respect to cassettes indicates that the sequenced
clones would represent only 25% of an infinitely large clone
library. This statistic does not give any information on the
diversity remaining in the unsampled portion. Consequently, it
is not possible to estimate the upper limit for the number of
cassette-associated genes recoverable by the present PCR protocol.
The existence of a very large cassette gene pool is also
supported by the intersample variability of the PCR. The spatial variability (Fig. 3) reflects variation in cassette composition
between microbial populations across relatively small distances. Spatial variation in cassette composition could be due
to the presence of distinct integrons in diverse species (18) or
differences in cassette profiles between the same integron in
closely related individuals (2, 22). In either event, it is clear
that the presence of a very large and diverse array of mobile
gene cassettes reinforces the observation that integrons are
present in many diverse genera. Indeed, the recovery of gene
cassettes from all of the environment types tested suggests that
these mobile elements, and by implication integrons, have a
very wide phylogenetic distribution. This in turn has widespread ramifications for bacterial gene flow within natural populations (19).
A further point should be considered in evaluating the extent of the cassette gene pool sampled by PCR. PCR is capable

of introducing considerable sample bias. Two factors are likely
to be particularly important in this instance. The first is bias
toward smaller amplicons, and the second is primer bias. The
primer pair used here was designed against a database primarily composed of 59-be sites from antibiotic resistance gene
cassettes found in class 1 integrons. As the database of 59-be
sequences has expanded, it has become evident that the primer
set does not encompass the sequence diversity in this family of
recombination sites. Indeed, several 59-be sites identified
within group 2 and 3 clones have diverged significantly from
the primer sequences and were only recovered as a consequence of being located between cassettes that are flanked by
59-be sites conforming to the consensus sequences (data not
shown). Furthermore, it has recently been suggested that 59-be
sites comprise sequence homology groups related to their origin in chromosomal integrons (22). Even if this hypothesis is
only applicable to a subset of integrons, it implies that the
HS286-HS287 primer set will systematically undersample gene
cassette pools. We anticipate that as more integron-gene cassette systems are described, new sets of primers favoring the
recovery of distinct cassette pools may be designed.
One observation arising from this study is that the recovered
cassettes include a diverse range of genes, the vast majority of
which have no known homologues in the databases. Since
integrons are widepread features of bacterial populations, it is
clear that this pool of novel mobile genes represents a previously unrecognized genomic resource for bacteria. Collectively
these data give cause to reconsider our ideas of bacterial genome flexibility and the diversity of proteins likely to be found
in even well-known bacterial species. The cassette-associated
gene pool of a bacterial community contains a minimum of
hundreds of novel genes and is conceivably several orders of
magnitude higher. In contrast to the well-known plasmid and
transposon systems, these genes are contained in elements
capable of facilitating rapid mobilization, reshuffling, and expression of either individual genes or combinations thereof.
The rapid emergence of multiple antibiotic resistance in mobile (plasmid and transposon associated) integrons reflects the
efficiency of this system in exploiting a vast gene pool.
In addition to providing a means of tracking integron-mediated gene transfer in the environment, the PCR strategy presented here represents a unique opportunity to prospect for
new genes of biotechnological importance by culture-independent means. The “floating genome” of the integron-gene cas-
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sette system is evidently extensive, exists across multiple species and environments, and includes highly diverse genes. In
conjunction with the selective constraints on mobile genes,
these features suggest a high probability of biotechnologically
useful genes being present within this pool. If this gene pool is
accessed by culture-independent cassette PCR, there are a
number of corollary benefits to the screening process and subsequent manipulation of the genes. Most notably, identification of gene boundaries and location in a sequence fragment is
greatly simplified, the orientation of reading frames is highly
predictable, and genes are prepackaged in a form amenable to
manipulation by site-specific recombination. Consequently, the
PCR strategy outlined here provides rapid access to a significant genetic resource in a way that is independent of prior gene
sequence knowledge and recovers the gene in a form ready for
direct analysis.
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