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The first gene cassettes of integrons are involved in the last adaptation response to changing conditions and
are also the most expressed. We propose a rapid method for the selection of clones carrying an integron first
gene cassette that is useful for finding adaptive genes in environmental metagenomic libraries.

Integrons, genetic elements discovered in clinical environ-
ments in 1989 (26), are known to carry gene cassettes encoding
adaptive proteins in different environmental contexts (17, 20);
environmental pressures may thus favor the propagation of
cassettes conferring a selective advantage (21, 29). Integrons
contain (Fig. 1) an integrase gene, intl (6, 7, 18); a recombi-
nation site, attl (23); a set of gene cassettes formed by a coding
sequence and a recombination site, attC (14, 19); and one or
two promoters, allowing gene cassette expression (4, 16). Dif-
ferent classes of integrons were defined according to the int/
gene diversity. They were found in metagenomes from various
environments (9, 15, 22). New metagenomic studies always
discover new integron classes, showing the importance and the
diversity of such genetic elements (9, 22).

As integrons are involved in bacterial adaptation, study of
integrons would allow the finding of adaptive genes in metage-
nomes. But the detection of such genes among the huge abun-
dance of gene cassettes associated with integrons is a chal-
lenge. The integration of a new gene cassette, catalyzed by the
integrase, occurs by recombination between the atC site and
the artl site of the integron (6, 8) (Fig. 1). The first gene
cassette of an integron is, therefore, the last one integrated. As
it is the closest gene to the promoter, its expression level is the
highest in the integron (4). Thus, this gene cassette is a good
target to find new adaptive genes in metagenomes. To amplify
the first gene cassettes, a forward primer targeting the int/ gene
or attl site must be used. In previous studies, the determina-
tions of gene cassette collection from environmental
metagenomes did not target first gene cassettes, since they
were performed by PCR methods targeting attC sites. Thus, we
propose a method to construct gene cassette libraries enriched
with first gene cassettes and an associated screening method
for the clone selection.

The method was developed by using DNA from Xanthomo-
nas campestris ATCC 339137, a bacterial strain carrying an
integron. DNA was extracted according to the work of Goni-
Urriza et al. (12). Coastal sediments maintained in the labo-
ratory were used to validate this method. Total DNA
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(metagenomic) was extracted 1 week after addition of oil using
the UltraClean soil DNA isolation kit (Mo Bio Laboratories),
as previously described (24). PCR amplification, targeting the
integrase gene intl in the forward direction (because attl sites
are not well conserved enough to allow the good design of a
primer) and the attC site in reverse, to amplify integron first
gene cassettes was performed (Fig. 1). Forward primer ATH72
(10) was used for PCR of X. campestris DNA, and primer
ICC48 (intB-inverted primer [25]), targeting the class 1 inte-
gron intl, was used for PCR of sediment metagenome. As the
intl1 genes from environmental contexts exhibit considerable
sequence diversity (11), ICC48 does not cover the entire spec-
trum of known int/] genes but was chosen for its proximity to
the attl site. Many primers used in previous studies targeting
attC sites, such as HS286 (27), were unsuccessfully tested in the
studied metagenome. Thus, ICC21, a less-degenerated primer,
was designed to target the atfC sites from class 1 and 2 inte-
grons with the following sequence: 5'-GTCGGCTTGRAYG
AATTGTTAGRC-3". The PCR mixture contained DNA, 1X
PCR buffer, 200 uM of each dNTP (deoxynucleoside triphos-
phate), 1.5 mM MgCl,, 0.2 uM of each primer, and 5 U of Tag
DNA polymerase (Eurobio). The PCRs consisted of 95°C for
10 min, 40 cycles of amplification (95°C for 45 s, 52°C or 51°C
for 45 s, 72°C for 1.5 min), and 72°C for 10 min. PCR products
were gel purified with the GFX PCR DNA and gel band
purification kit (GE Healthcare). Purified products were
cloned with the TOPO TA cloning kit (Invitrogen). Clones
carrying first gene cassettes were selected by colony PCR. In
order to minimize time spent on and the number of PCRs, the
following three primers were concomitantly used: the two
TOPO TA M13 primers and the primer targeting the intl gene
used in the previous PCR (AJH72 or ICC48), and this primer
was fluorescently labeled by HEX (6-carboxyhexafluorescein).
PCR products were separated by gel electrophoresis, and the
fluorescent DNA fragments were detected with a Typhoon
9200 scanner (Amersham). The selected inserts were se-
quenced by using the BigDye terminator v1.1 cycle sequencing
kit (Applied Biosystems). Sequences were analyzed with ORF
Finder (28), BLAST (1), and ProDom (3) algorithms.

The X. campestris (ATCC 339137) integron possesses 23
gene cassettes (10). Different concentrations of primers were
tested to amplify the first gene cassette, but in all cases, several
amplified fragments were obtained. Sequence analyses re-
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FIG. 1. Structure of integrons and positions of the primers used.
The intI gene encodes an enzyme, allowing the integration of new gene
cassettes at the attl recombination site. Thus, the first gene cassette is
the last one integrated. Gene cassettes are formed by a recombination
site, attC, and a coding sequence. The promoter Pc allows gene cas-
sette expression. The positions of primers AJH72, ICC21, and ICC48
used in this study are indicated.

vealed that most of them were gene cassettes other than the
first one, and in these cases, the reverse primer was also used
in the forward direction. The particular structure of the attC
site with inverted repeat sequences, allowing the attC primer to
anneal with both strands, may explain this result. As there was
no other way to amplify the first gene cassettes, their selection
could not be performed by PCR only. Because sequencing all
clones would represent too much work when studying metage-
nomes, a triplex PCR screening method was developed (Fig.
2A). Since the forward primer sequence is found only in the
fragment containing the first gene cassette, the corresponding
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clones produce two PCR products, with one that is labeled
(Fig. 2). Sequence-labeled inserts confirmed that the integron
first gene cassette of X. campestris was selected. As a control,
the sequences of unlabeled inserts showed that they contained
integron gene cassettes but not the first gene cassettes.

This method was then applied to coastal mud metagenomes,
in which we focused on class 1 integrons, most commonly
involved in adaptive responses (13). After PCR products were
cloned, among 100 clones screened, 23 fluorescent fragments
were detected and sequenced. As the primer targeting int/
binds at the beginning of the gene, it was nearly impossible to
recognize the intl sequence, except that the intl gene is longer
at the 5’ end. On the other side of the sequences, a part of the
attC site must be present. Sequence analysis revealed that
some fragments showed similarities to characteristic class 1 or
2 integron attC sites, but these sites could not be found in each
case because of their large variability (5). A total of 29 open
reading frames (ORF) were characterized as potentially tran-
scribed by an integron promoter, but for 16 of the ORF, no
similarity with any known amino acid sequences could be
found. The 13 other ORF exhibited less than 40% similarity
with known sequences, and no putative conserved domains
were found. These observations are in accordance with previous
studies showing that most of the environmental integron gene
cassettes code for proteins with unknown functions (2, 17).

The first-gene cassettes of integrons appear to be good can-
didates to find gene cassettes, which aid bacteria in effecting a
rapid adaptive response. We are now able to reveal integron
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FIG. 2. Screening strategy for first gene cassette inserts. (A) Schematic of the clone library PCR screening strategy. The inserts are amplified
by PCR using three primers. Only inserts carrying a first gene cassette lead to labeled amplified fragments. (B, C) Gel electrophoresis of insert
PCR products from clones of X. campestris gene cassettes. (1) Insert carrying the integron first gene cassette of X. campestris; (2, 3) inserts carrying
integron gene cassettes of X. campestris other than the first gene cassette; (4) molecular weight marker (SmartLadder; Eurogentec). (B) Detection
of fluorescence; (C) detection of all fragments by ethidium bromide staining of the same gel.
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last gene acquisitions of environmental bacterial communities
submitted to stressful conditions. This method presents two
limiting steps when working with metagenomes, as follows. (i)
The primers are critical to cover the largest number of inte-
grons. In this study, we targeted class 1 integrons because they
are known to be mobile and to carry adaptive genes (29). (ii)
When fragments with a large size disparity are cloned, the
smallest fragments are preferentially cloned. In order to obtain
a complete library with metagenomes, the cloning should be
performed after fragment size separation. The PCR method
combined with the screening method leads to 100% of clones
carrying a first gene cassette. Thus, this new method allows the
focus to be on spreading first gene cassettes in metagenomes
after a specific stress.

Nucleotide sequence accession numbers. The sequences de-
termined in this study have been deposited in the EMBL
database with the following assigned accession numbers:
FM210532 to FM210535 and FM210665 to FM210679.
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