
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2009, p. 5100–5110 Vol. 75, No. 15
0099-2240/09/$08.00�0 doi:10.1128/AEM.00133-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Worldwide Prevalence of Class 2 Integrases outside the Clinical
Setting Is Associated with Human Impact�†

Carlos M. Rodríguez-Minguela,1‡ Juha H. A. Apajalahti,2 Benli Chai,1,3

James R. Cole,1,3 and James M. Tiedje1*
Center for Microbial Ecology, Michigan State University, 540 Plant and Soil Sciences Building, East Lansing, Michigan 48824-13251;

Alimetrics Ltd., Koskelontie 19 B, 02920 Espoo, Finland 024602; and Ribosomal Database Project, Michigan State University,
2225A Biomedical and Physical Sciences Building, East Lansing, Michigan 48824-43203

Received 19 January 2009/Accepted 1 June 2009

An intI-targeted PCR assay was optimized to evaluate the frequency of partial class 2-like integrases relative
to putative, environmental IntI elements in clone libraries generated from 17 samples that included various
terrestrial, marine, and deep-sea habitats with different exposures to human influence. We identified 169
unique IntI phylotypes (<98% amino acid identity) relative to themselves and with respect to those previously
described. Among these, six variants showed an undescribed, extended, IntI-specific additional domain. A
connection between human influence and the dominance of IntI-2-like variants was also observed. IntI
phylotypes 80 to 99% identical to class 2 integrases comprised �70 to 100% (n � 65 to 87) of the IntI elements
detected in samples with a high input of fecal waste, whereas IntI2-like sequences were undetected in undis-
turbed settings and poorly represented (1 to 10%; n � 40 to 79) in environments with moderate or no recent
fecal or anthropogenic impact. Eleven partial IntI2-like sequences lacking the signature ochre 179 codon were
found among samples of biosolids and agricultural soil supplemented with swine manure, indicating a wider
distribution of potentially functional IntI2 variants than previously reported. To evaluate IntI2 distribution
patterns beyond the usual hosts, namely, the Enterobacteriaceae, we coupled PCR assays targeted at intI and 16S
rRNA loci to G�C fractionation of total DNA extracted from manured cropland. IntI2-like sequences and 16S
rRNA phylotypes related to Firmicutes (Clostridium and Bacillus) and Bacteroidetes (Chitinophaga and Sphin-
gobacterium) dominated a low-G�C fraction (�40 to 45%), suggesting that these groups could be important
IntI2 hosts in manured soil. Moreover, G�G fractionation uncovered an additional set of 36 novel IntI
phylotypes (<98% amino acid identity) undetected in bulk DNA and revealed the prevalence of potentially
functional IntI2 variants in the low-G�C fraction.

Integrons are genetic modules described in pathogenic and
commensal bacteria that confer the ability to capture and ex-
press promoterless DNA units, called gene cassettes, which
encode a variety of adaptive functions including antibiotic re-
sistance (9, 42, 64). The acquisition of gene cassettes occurs
through a site-specific recombination mechanism catalyzed by
an integron-encoded integrase (IntI). The integrative recom-
bination reaction occurs primarily between an integron recep-
tor site (attI) and a cassette-associated sequence known as the
attC site or 59-base element (11). However, integron integrases
are able to recognize and process nonspecific secondary targets
as well as attI and attC sites with a high degree of sequence
variation (20, 25). This versatility facilitates the exchange of
exogenous genes between different integrons through various
recombination reactions (attI � attC, attI � attI, and attC �
attC) that propel the adaptability and evolution of bacterial
genomes (8, 11, 31, 38, 55, 58). Although integrons can be
chromosomally encoded, they also may be horizontally trans-

ferred via transduction or by transposons associated with con-
jugative plasmids (42, 61). Three major groups (classes 1 to 3)
are known to be associated with laterally transferred elements
and highly prevalent in the clinical scene. In most of the cases,
these have also been reported to harbor almost exclusively
gene cassettes encoding antibiotic resistance functions (42). All
together, these traits have led to their designation as “mobile”
(9) or “clinical” (22) integrons. Although integrons have been
traditionally classified according to the percent identity of the
nucleotide or predicted amino acid sequence of their respec-
tive intI genes (9, 43, 71), several structural features and dif-
ferences in abundance patterns have been identified which
distinguish classes 1 to 3 (9, 42).

Class 1 integrons are the most widely studied variant and are
typically linked to replicative Tn21 transposons, which appears
to contribute to their extensive distribution (48). A key feature
commonly reported within the class 1 module is the presence
of a highly conserved 3� region comprised of a qacE� gene and
a sul1 gene, which provide protection against quaternary am-
monium compounds and sulfa drugs, respectively. In contrast,
class 2 integrons are routinely associated with nonreplicative
Tn7 transposons, are less frequently detected and, hence, re-
main an understudied group relative to their class 1 counter-
parts (42, 48, 65). Even less is known about the class 3 variants,
which so far have been described in only three instances (71).

Except for the identical IntI2 elements recently reported in
Providencia stuartii and Escherichia coli strains isolated from
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beef cattle sources and the human urinary tract, respectively,
all known integrases encoded by class 2 integrons are consid-
ered nonfunctional due to the presence of the ochre 179 codon
(6, 40, 42). Nevertheless, it has been argued that integrons with
truncated class 2 integrases might be implicated in the transfer
and high prevalence of antibiotic resistance genes among clin-
ical isolates, possibly via the in trans activities of other func-
tional integrases or the suppression of the stop codon (27). So
far, class 2 integrons have been described in association with
isolates affiliated to the gamma, beta, and epsilon subdivisions
of the Proteobacteria but have been more frequently reported
among members of the Gammaproteobacteria group, particu-
larly the Enterobacteriaceae (1, 14, 19, 56, 57). However, most
of these studies have focused on easily culturable, aerobic
bacteria or those of clinical importance, leading to the exclu-
sion of unculturable or difficult-to-grow commensals that could
be inconspicuous but important reservoirs of class 2 elements
in the environment. Although the occurrence and quantifica-
tion of integrons and integron-associated genes by means of
molecular, culture-independent methods are being increas-
ingly documented outside the clinical scene (18, 22, 28, 48, 49,
51, 65, 70), the estimates of the extant diversity of the integron
platform in nature are still rudimentary. Likewise, further work
is needed for the identification of environmental hosts of in-
tegrons commonly found in clinical strains without the bias
associated with culture techniques (48).

In order to provide a comprehensive view of integron inte-
grase variation and prevalence patterns of IntI2 elements in
the environment, we PCR amplified partial intI sequences
from metagenomic DNA isolated from various terrestrial, ma-
rine, and deep-sea habitats exposed to various degrees of an-
thropogenic or fecal impact. Amplification conditions were
optimized to facilitate the assessment of the frequency of
IntI2-like sequences relative to that of environmental integron
integrases. Additionally, since the guanine-plus-cytosine con-
tent of DNA corresponds to taxonomy (68), we coupled G�C
fractionation of total DNA (4, 5, 29, 30) with PCR assays
targeted at intI and 16S rRNA genes to identify potential,
unconventional hosts of class 2 integrons in soil that had re-
ceived swine manure.

MATERIALS AND METHODS

DNA extraction, PCR, and cloning experiments. Metagenomic DNA was
extracted from 17 environmental samples (Table 1; see also information on the
sample sites in the supplemental material) with the FastDNA Spin kit (Qbiogene
Inc., Carlsbad, CA). A single set of degenerate primers, hep35 (5�-TGCGGGT
YAARGATBTKGATTT-3�) and hep36 (5�-CARCACATGCGTRTARAT-3�),
complementary to nucleotide sequences corresponding to the Box I and Box II
domains of integron integrases, was used to amplify a fragment of �491 bp (69).
The amplification of integron-encoded integrases was optimized by conducting
annealing temperature gradient experiments in a Robocycler Gradient 96 ther-
mal cycler (Stratagene, La Jolla, CA). Optimization was carried out using three
different amounts (5, 20, and 50 ng) of class 1 [E. coli SK1592(pDU202)] and
class 2 (E. coli J53.3::Tn7) genomic templates and the following cycling condi-
tions: initial denaturation at 94°C for 2 min followed by 35 cycles of melting at
94°C for 30 s, 1 min of an annealing temperature gradient ranging from 45 to
60°C, 45 s of extension at 72°C, and a final extension step of 7 min at 72°C. Since
class 1 integrons are commonly detected among fecal bacteria, after optimization
the PCR method was validated for the recovery of IntI2 elements and novel
integron integrases in DNA extracted from a recently manured field (AMS4) and
an adjacent nonagricultural site (NMS5). Both soils were of the same type
(Capac loam). Previously described primers (8F, 5�-AGAGTTTGATCMTGGC
TCAG-3� [23]; 1392R, 5�-ACGGGCGGTGTGTACA-3� [3]) were used for the

amplification of 16S rRNA genes with the following cycling parameters: initial
denaturation at 95°C for 3 min followed by 25 cycles of melting at 95°C for 45 s,
45 s of annealing at 57°C, 1 min 30 s of extension at 72°C, and a final extension
step of 7 min at 72°C. All PCRs were carried out with the Robocycler Gradient
96 instrument.

Amplification reaction mixtures contained 19 pmol of each primer, 1� Taq
buffer (Promega, Madison, WI), 3.5 mM MgCl2, 1 mM deoxynucleoside triphos-
phate mix (Invitrogen, Carlsbad, CA), 2.5 �g of bovine serum albumin (Roche,
Indianapolis, IN), 0.6 U of Taq polymerase (Promega storage buffer B), and
approximately 15 to 50 ng of template DNA in a total reaction volume of 12.5 �l.
Approximately 10 to 15 ng of PCR product was ligated into the pCR4-TOPO
plasmid vector for subsequent transformation of E. coli cells using the TOPO TA
cloning for sequencing kit (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions, with the exception that ligation reactions were conducted
for 3 h and the entire transformation mix was spread on LB plates (�75 �l/plate)
containing 50 �g/ml of kanamycin.

Characterization of environmental intI sequences. Ninety-six clones from each
library were randomly chosen and sent to Macrogen Inc. (Gasan-dong, Seoul,
Korea) for sequencing analysis. Among the successfully sequenced clones (Table
1) only those encoding an open reading frame (ORF) corresponding to at least
161 amino acids (with the exception of IntI1-, IntI2-, and IntI3-like phylotypes)
and with hypothetical protein sequences �98% identical among themselves were
chosen for further characterization. Sequences were analyzed with the BLAST
(2) and the Conserved Domain Search (39) tools and compared against two
well-known libraries of profile hidden Markov models (HMMs): the Pfam (7)
and the TIGRfam (24) databases. The HMMER software package (16) was used
to search the combined databases for the most likely models.

Environmental integron integrases were aligned against matching sequences in
the GenBank database using the programs ClustalX (version 1.81) and BioEdit
(version 5.0.9) (26, 67). The sequences from IntI1, IntI2, IntI3, and IntI4
(GenBank accession no. AAQ16665, AAT72891, AAO32355, and 99031763, respec-
tively) were used as references for the identification of functional domains and
amino acid residues (38, 44, 51). The numbering of the alignments was based on
the amino acid sequence of the Vibrio cholerae IntI4 (VchIntI4), as its tridimen-
sional structure is known (38). The amino acid sequences of XerC (GenBank
accession no. P0A8P6) and XerD (GenBank accession no. P0A8P8) recombi-
nases were used as an outgroup, since these are representatives of the closest
relatives of integron integrases within the family of tyrosine recombinases (12,
44, 52). Comparative amino acid sequence analyses were carried out by con-
structing consensus neighbor-joining dendrograms using the MEGA software,
version 4 (66). The dendrograms were generated using the p-distance model and
tested by 1,000 bootstrap replications. All alignment positions containing gaps
were excluded from the analysis.

G�C fractionation of metagenomic DNA extracted from manured soil and
molecular screening for potential IntI2 hosts. High-molecular-weight DNA was
extracted from three replicate samples (5 g each) retrieved from an agricultural,
manured field 4 weeks after manure application (AMS25) (Table 1; see also
information on sample sites in the supplemental material). The samples were
mixed with 2 g of sterile sand, ground in liquid nitrogen three times, and
subsequently incubated for 30 min at 37°C after the addition of 5 ml of lysozyme
(5 mg/ml, final concentration). The resulting suspensions were submitted to the
sodium dodecyl sulfate-based lysis method described by Zhou et al. (72) except
that samples were processed without shaking to minimize DNA shearing. To
avoid background absorbance from humic acids usually associated with spectros-
copy-based quantification, the extracted DNA was pooled and quantified by gel
electrophoresis (0.8% agarose) relative to the 24-kb band of a lambda/HindIII
DNA marker (Invitrogen, Carlsbad, CA). An amount corresponding to 50 �g
was precipitated and sent to Alimetrics Ltd. (Helsinki, Finland) for G�C frac-
tionation analysis (29, 30). The processed DNA was recovered in 16 fractions
representing G�C content increments of �5% ranging from 20 to 80%. Two
fractions, one corresponding to constituent populations with a G�C content of
�40 to 45% (F7) and another representative of populations with a G�C content
of �60 to 65% (F12), were chosen for subsequent PCR analyses. Prior to PCR
amplification these fractions were desalted with 10 mM Tris, pH 7, using PD-10
Sephadex columns (GE Healthcare Biosciences Corp., Piscataway, NJ) accord-
ing to the manufacturer’s instructions. To avoid excessive dilution of PCR tem-
plate, the eluted DNA was collected in 13 aliquots of �250 �l each. The DNA
in each aliquot was quantified by spectroscopy (the optical density at 260 nm),
and �15 ng of DNA from the aliquot having the highest DNA concentration was
added as template for PCRs.

Small-subunit 16S rRNA and intI genes were PCR amplified, cloned, and
sequenced for each fraction in order to evaluate the distribution of class 2
integrases across bacterial populations associated with manured soil. The 16S
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rRNA sequences were processed and analyzed through the Ribosomal Database
Project’s (RDP) Pipeline tool (10). The library compare tool was used to eval-
uate the microbial community composition from both fractions, whereas the
sequences were characterized at the phylum level with the RDP-Classifier tool
using a bootstrap confidence threshold of 80%. Additionally, the SeqMatch tool
was used to estimate the taxonomic distance of the retrieved sequences based on
Sab scores. Previous applications of the G�C fractionation method have used Sab

scores of �0.95 to identify 16S rRNA phylotypes at the species level relative to
type strains, whereas Sab scores ranging from 0.70 to 0.94 have been applied for
characterization at the genus level (4, 30). Those sequences that could not be
characterized with the SeqMatch tool were described in terms of their percent
identity relative to their respective closest matches published in GenBank.

Nucleotide sequence accession numbers. Representative sequences of IntI
detected in total DNA were deposited in GenBank under the following
accession numbers: DQ282194 to DQ282201 (biosolids, MI), DQ282202 to
DQ282205 (composted manure, OH), DQ282206 to DQ282223 (HI),
GQ161094, DQ282224 to DQ282228, and DQ287857 to DQ287863 (manured
soils, MI), DQ282229 to DQ282248 (PR), DQ282249 to DQ282261 (marine
sediments, Puget Sound, Carr Inlet, WA, 84 m), DQ282262 to DQ282264
(Washington coast site, 1,000 m), DQ282265 to DQ282268 (Arctic marine sed-
iments, East Hanna Shoal site, 160 m), DQ282269 to DQ282277 (Arctic marine
sediments, Barrow Canyon site, 2,000 m), DQ282278 to DQ282290 (Arctic

marine sediments, Barrow Canyon site, 180 m), DQ282291 to DQ282297 (non-
agricultural soil, MI), DQ282298 to DQ282345 (South Africa), DQ282346 to
DQ282367 (Slovenia), and DQ282368 to DQ282376 (Uruguay). The sequences
of intI and 16S rRNA phylotypes identified in G�C fractions were deposited in
GenBank under accession numbers FJ615774 to FJ615799, FJ615800 to
FJ615829, FJ615830 to FJ615920, and FJ615921 to FJ616000.

RESULTS AND DISCUSSION

Optimization and validation of the intI-targeted PCR assay.
The PCR method used was optimized to facilitate the detec-
tion of class 2 integrases as well as that of novel integrases
relative to class 1 elements (see Fig. S1 in the supplemental
material). The lowest annealing temperature for the specific
amplification of the class 1 template was 56°C, but the yield
was poor relative to the amplification of the class 2 template at
the same temperature. Amplification at annealing tempera-
tures of �56°C generated unspecific banding patterns that in
several instances lacked the targeted fragment. In contrast,

TABLE 1. Abundance and distribution of IntI phylotypes detected in total environmental DNA

Clone or
site code Site description

No. of
successfully
sequenced

clones

No. of
clones

encoding
putative
ORFsb

No. of
clones

encoding
IntI-like
ORFs

No. of unique
(�98%

identical)
IntI-like
ORFsc

No. of
nonclinical

IntI-like
clones

No. of
ochre 179
IntI2-like
clonesd

No. of
potentially
functional
IntI2-like
clonesd

No. of
IntI1-like
clonesd

No. of
IntI3-like
clonesd

BIO Biosolids from sewage plant,
MI

71 6 65 6 1 54 4 0 6

CM Composted swine manure, OH 83 0 83 4 0 81 0 2 0
AMS4 Agricultural soil, 3 days after

swine manure application,
MI

68 4 64 7 19 42 3 0 0

NMS5 Nonagricultural soil adjacent to
AMS4, MI

90 5 85 5 85 0 0 0 0

AMS23 Agricultural soil, 1 wk after
manure application, MI

90 3 87 2 0 85 2 0 0

AMS25 AMS23, 4 wks after swine
manure application, MI

83 1 82 4 22 59 1 0 0

NMS24 Nonagricultural soil adjacent to
AMS23, MI

28 4 24 2 24 0 0 0 0

MS8 Barrow Canyon, Arctic Ocean
sediment, 180 ma

36 3 33 13 33 0 0 0 0

MS7 Barrow Canyon, Arctic Ocean
sediment, 2,000 ma

26 4 22 9 22 0 0 0 0

MS6 East Hannah Shoal, Arctic
Ocean sediment, 160 ma

25 14 11 4 11 0 0 0 0

MS3 Puget Sound, Carr Inlet
sediment, Washington State,
84 ma

47 10 37 13 37 0 0 0 0

MS4 Washington continental
margin, Pacific Ocean,
sediment, 1,000 ma

15 9 6 3 6 0 0 0 0

HI HI, Laupahoehoe, native
montane rainforest

46 6 40 18 36 4 0 0 0

MONA PR, Mona Island, dry forest
preserve

86 1 85 20 85 0 0 0 0

SAF South Africa, Bien Donne,
agricultural soil

79 0 79 32 78 1 0 0 0

UR Uruguay, Progreso, agricultural
(maize) soil

70 0 70 8 70 0 0 0 0

SLV Slovenia, Ljubljana area,
agricultural peat soil

50 2 48 22 45 2 1 0 0

a Water depth overlying the sediments sampled.
b Unrelated to integron integrases.
c With the exception of IntI1-, IntI2-, and IntI3-like phylotypes (which were also included), numbers refer to uninterrupted intI ORFs from the same source �98%

identical relative to themselves and those from previously described IntI elements.
d Over 80% identical relative to integrases from clinical strains.

5102 RODRÍGUEZ-MINGUELA ET AL. APPL. ENVIRON. MICROBIOL.



discrete amplicons (�491 bp) were consistently obtained with
the class 2 control template when the annealing temperature
ranged from 50 to 56°C, while artifacts of �500 bp were ob-
served at temperatures ranging from 45 to 49°C. We thus chose
an annealing temperature of 52°C for the recovery of environ-
mental integrases, since it suggested a greater potential for the
amplification of novel intI genotypes from community DNA
and facilitated the amplification of class 2 elements over class
1 intI (see Fig. S1 in the supplemental material).

Since class 2 integrons have been associated primarily with
enteric bacteria, DNA from an agricultural field (AMS4, MI)
(Table 1) sampled 3 days after manure application was used to
test the PCR method for the recovery of class 2 integrons. In
contrast, DNA from an adjacent, nonagricultural field (NMS5,
MI) (Table 1) was used to evaluate the efficiency of the PCR
assay for the retrieval of novel intI sequences distantly related
to those of clinical integrons, since this site had no history of
manure application. An amplicon of the expected size (�491
bp) was cloned from both of these habitats. Analyses of pre-
dicted ORFs identified the family of integron-encoded inte-
grases as the closest match for 64 and 85 of the total clones
sequenced from sites AMS4 (n 	 68) and NMS5 (n 	 90),
respectively (Table 1). These coded for a protein sequence that
was in frame with the third position of the forward primer,
which corresponded to a codon for a conserved arginine resi-
due (R143, IntI4 numbering system) present in the Box I
region of integron integrases. About 70% of the intI sequences
recovered from the manured field (AMS4) had predicted
amino acid sequences over 80% identical to that of a class 2
integrase (GenBank accession no. AY639870), while �94% of
the sequences retrieved from the NMS5 site were 58 to 83%
identical to IntI sequences unrelated to clinical integrons pre-
viously recovered from environmental, uncultured bacteria
(49, 51) or reported in sequenced genomes of commensal
species (GenBank accession no. ZP_00299196, ZP_00172930,
and NP_842193). The dominance of IntI2-like sequences in the
manured field suggested that fecal bacteria could be important
reservoirs of class 2 integrons and that large loads of animal
waste may increase the abundance of IntI2 elements in fertil-
ized cropland to a threshold level that facilitates their detec-
tion relative to soil not exposed to agricultural impact. Besides
being appropriate for surveying IntI2 sequences, the primers
and amplification conditions used were suitable for detecting
novel, “nonclinical” IntI elements, particularly in a setting with
no history of fecal input or agricultural use. These findings
were further evaluated by applying the same approach to com-
munity DNA from biosolids, composted swine manure, soils
with different histories of fecal or anthropogenic impact, and
marine sediments from the Pacific and Arctic Oceans collected
from 84 to 2,000 m below sea level (Table 1; see also the
information on sampling sites in the supplemental material).

Characterization of environmental IntI elements. A thresh-
old of �98% identity at the amino acid sequence level was
used for the designation of a novel phylotype. Based on this
criterion, 169 partial intI genes were detected. All were iden-
tified as putative integron integrases on the basis of analyses
conducted with the BLAST and the CD-Search tools. These
results were verified by comparing each sequence against
HMM profiles from the Pfam and TIGRfam databases. For all
169 IntI sequences, the TIGRfam integron integrase family

model produced the most statistically significant scores which
corresponded to the lowest maximum (4.7 � 10
17), median
(2.2 � 10
31), and minimum (4.7 � 10
59) E-values establish-
ing them as members of the integron integrase group.

Comparative sequence alignments against functional inte-
gron integrases were carried out to further characterize the
inferred IntI sequences. Although putative sequences �50% of
a full-length IntI element were retrieved, the high conservation
of motifs and residues critical for binding and recombination
activity suggested that (with the exception of ochre 179 IntI2-
like elements) most of the recovered integrases might repre-
sent novel integrons that could be functional. The IntI-specific
additional domain was detected in each of the environmental
IntI sequences. The motifs designated as Boxes I and II and
Patches II and III, which are characteristic of members of the
tyrosine recombinase family, were also found (44, 51, 52) (Fig.
1a). The aligned sequences showed 56 conserved residues; 43
of them were �95% identical while the remaining 13 were
�95% similar. These were distributed mainly across the above-
mentioned regions. Furthermore, the following amino acids
which are involved in catalytic and DNA-binding functions
were detected: K160 (�99% conserved, Patch II), A205
(�95% conserved, additional domain), L206 (�93% con-
served, additional domain), K209 (�99% conserved, addi-
tional domain), F223 (�98% conserved, Patch III), and G292
(�99% conserved, Box II), as well as H267 (�99% conserved,
Box II), R270 (100% conserved, Box II), and Y302 (100%
conserved, Box II) from the signature RHRY tetrad of the
tyrosine recombinase family (44, 51, 55).

The crystal structure of VchIntI4 was recently determined
under conditions reminiscent of an attC � attC recombination
reaction (38). This model revealed that the VchIntI4-attC as-
semblage requires binding of four IntI molecules arranged in
dimers consisting of an attacking and a nonattacking subunit
attached to each attC target. According to this structure, res-
idues Q145 (Box I), W157 (downstream Box I), and W219
(patch III) are implicated in the attachment of the attacking
IntI molecules, whereas residues P232 (additional domain),
H240, and H241 (downstream of the additional domain) facil-
itate binding of the nonattacking monomers, generating a sta-
ble synaptic complex that undergoes subsequent recombina-
tion. This study also reports that K160 (Patch II) creates
important base contacts related to cleavage activity.

Sequence alignments also demonstrated that functional res-
idues W219, P232, H240, and H241 were nearly 99, 92, 94, and
98% conserved, respectively, across the environmental IntI
sequences (Fig. 1a). However, the presence of the functional
residues Q145 and W157 appeared to be exclusive of IntI
sequences from the Vibrio clade, as these were replaced across
“clinical” and environmental IntI by K (100% conserved) and
R (85% conderved) or H (10% conserved) residues, respec-
tively. Relative to the structural model proposed for IntI4,
these substitutions suggest the possibility of structural varia-
tions within the integrative recombination mechanism among
different integrases. The R157 residue was also conserved in
class 1 and class 3 integrases, whereas H157 was conserved
among class 2-like sequences. Moreover, positions correspond-
ing to Q145 and W157 were both preceded by hydrophobic
amino acids (V, L, and I) which were conserved among all the
aligned IntI sequences.
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Extended additional domain identified in environmental
IntI phylotypes. We also found that six clones (55 to 77%
identity) recovered across remote terrestrial locations (HI-G2,
MONA-G2, SAF-A8, SAF-F5, and UR-C9) and marine sed-
iments (MS8-F05) possessed a longer (1 to 8 amino acids)
integron-specific additional domain relative to previously
described IntI elements (see Fig. S2 in the supplemental
material). In all instances the insertions were located down-
stream of the Patch III motif after a 75% conserved glycine
residue (position 235 [VchIntI4 numbering]). Insertions and
deletions associated with the Patch I and Box I domains,

respectively, have been reported in an integrase phylotype
detected in total DNA recovered from deep-sea hydrother-
mal vent fluids (18). To our knowledge, the above-men-
tioned, extended additional domain is the first description of
this characteristic for integron integrases. Whether this trait
allows function or represents a disabling insertion is un-
known. However, according to the VchIntI4 crystal struc-
ture the IntI additional domain contains an �-helix motif
that is critical for synapse formation. (38).

Diversity and prevalence patterns of IntI2-like elements and
environmental IntI sequences. Phylogenetic analysis demon-

FIG. 1. (a) Alignment of partial amino acid sequences of environmental integrases representative of each sampled site against functional
integrase classes (1, 3, and 4) and tyrosine recombinases XerC and XerD. Numbering is based on the VchIntI4 sequence (38). The position of
conserved motifs among integron-encoded integrases is indicated by segments labeled as Boxes I and II and Patches II and III and as additional
domains (AD). The degree of conservation (percent identity) among equivalent residues is indicated as follows: black (100%), dark gray (95%),
and light gray (85%). Conserved amino acids (93 to 99% identical) with functions related to protein folding, DNA binding, and recombination
activity are highlighted in orange, pink (44), and red (38), respectively. Yellow columns show conserved proline residues (�85% identical) detected
within the AD region and conserved hydrophobic amino acids preceding functional residues exclusive of the VchIntI sequence. Green columns
correspond to H, R, and Y residues from the conserved RHRY tetrad, which is characteristic of the entire tyrosine recombinase family (52).
Numbers in boldface indicate the position of insertions and substitutions in functional integrases. GenBank accession numbers for the protein
sequences of reference integrases (classes 1 to 4) and tyrosine recombinases XerC and XerD are AAQ16665, AAT72891, AAO32355, 99031763,
P0A8P6, and P0A8P8, respectively. (b) Partial sequence alignment showing conserved residues (Q145 and W157; red columns) that seem to be
exclusive of the Vibrio IntI clade.
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strated that all unique clones identified as integron integrases
formed a clade that excluded representatives of the XerC and
XerD recombinases, the closest relatives of integron integrases
within the tyrosine recombinase family (Fig. 2) (59). This trend
was supported by values corresponding to 99% of 1,000 boot-
strap replications (Fig. 2). In agreement with previous phylo-
genetic analyses of integron integrases (59), we found that class

2 and class 3 integrases formed sister groups, whereas the
cluster comprised of the Vibrio IntI group along with integrases
retrieved from marine sediments were the most distantly re-
lated to nearly all other IntI phylotypes, followed by the IntI2-
like group (Fig. 2, clusters I, II, III, and G). Mutational hot
spots have been identified among intI genes from the Vibrio
clade relative to other intI sequences, suggesting that this

FIG. 2. Consensus neighbor-joining tree (compared positions for 108 amino acid residues), illustrating the relationship of representative IntI
sequences recovered from a variety of marine and terrestrial habitats. Values represent the percentage of 1,000 bootstrap replications that
supported the branching order. Roman numbers (I to III) designate clusters containing “clinical” integrases (classes 1 to 3). Red branches point
out the arrangement of IntI sequences detected in environments with high fecal impact, while thicker black branches highlight the position of
outgroup sequences (XerC and XerD recombinases) and reference sequences (best database matches). Numbers 1 to 7 denote clusters dominated
by at least three soil IntI phylotypes originating from the same sample, whereas letters (A to G) indicate the location of clusters dominated by IntI
phylotypes recovered from marine and deep-sea sediments (blue branches). The percent identities of IntI sequences associated with the highlighted
clusters are shown in parentheses. Values of bootstrap support below 30% are not shown. GenBank accession numbers follow the designation of
the reference and outgroup sequences.
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group of integrases is under positive selection (50), which is
also consistent with the clustering of Vibrio IntI elements near
the outgroup sequences. In accordance with these previous
findings, again, relative to other IntI sequences, we identified
conserved, nonsynonymous substitutions among Vibrio inte-
grases at positions corresponding to amino acids implicated in
DNA binding functions (Q145 and W157 [VchIntI4 number-
ing]) (Fig. 1a and b).

In agreement with optimization and validation of the intI-
targeted PCR assay, IntI sequences closely related to that of
class 2 integrons were dominant in libraries generated from
samples with high fecal impact from human and animal sources
(biosolids, composted swine manure, and recently manured
[swine] soils) (Table 1). Nearly 98% of the predicted amino
acid sequences recovered from composted swine manure (n 	
83) and all of those retrieved from soil sampled after 1 week of
manure application (AMS23; n 	 87) were 80 to 100% iden-
tical to class 2 integrases. Likewise, about 89% of the se-
quences retrieved from biosolids (n 	 65) and �73% of those
from soil sampled after 1 month of manure application
(AMS25; n 	 82) were 80 to 99% identical to class 2 IntIs.
Among this particular set of samples only two class 1 IntIs were
detected in composted manure, while six IntI3 phylotypes were
identified in biosolids, confirming that PCR conditions favored
the detection of IntI2 among clinical integrons. Interestingly,
four sequences �97 to 98% identical to IntI2 which lacked the
distinctive internal stop codon of this integrase type (ochre
179) were detected in biosolids (clones BIO-Int-A1, A4, A10,
and H9), while two were recovered from cropland fertilized
with swine manure (AMS4-Int-A2 and E02 [see Fig. S3 in the
supplemental material]). Additionally, five IntI sequences 89
to 95% identical to IntI2 (AMS23-Int-C12, E01, AMS25-Int-
D03, SLV-Int-F2, and AMS4-Int-D02) also lacked the ochre
179 codon and were detected in manured agricultural fields
(see Fig. S3 in the supplemental material).

Mutagenesis studies have proved that the replacement of the
internal TAA stop codon by a GAG triplet coding for a hy-
drophilic, negatively charged Glu (the equivalent residue in
IntI1) restores recombination activity (27). In contrast, the
full-length IntI2 from Providencia stuartii and E. coli as well as
the IntI2-like sequences described herein share a hydrophilic,
neutral Gln residue at the ochre 179 position which is encoded
by a CAA or a CAG triplet, indicating that functional IntI2s
are more common and widely distributed than previously as-
sessed with culture techniques (6, 40). Furthermore, the de-
tection of a potentially functional IntI2-like genotype (AMS25-
Int-D03) at the agricultural field AMS25 (Table 1), as well as
the prevalence of class 2 elements at this site (�73% of the
retrieved sequences), suggested that fecal bacteria serving as
IntI2 hosts were persistent under field conditions after 1 month
of manure application. Nevertheless, only three IntI2-like
clones were also detected in an agricultural soil from Slovenia
(Table 1) that was sampled 3 years after animal waste appli-
cation, suggesting that the dominance of class 2 integrases is a
transient effect in manure-supplemented cropland. Similarly,
one and four IntI2-like sequences were recovered from an
agricultural field in South Africa and a forest preserve in Ha-
waii, respectively (Table 1). The presence of these IntI2 ele-
ments could be attributed to background levels or the use of
animal manures at the South Africa site. As for the Hawaiian

sample, which was collected at Laupahoehoe National Forest
(54), it is also possible that intestinal strains with class 2 ele-
ments are being dispersed by feral pigs, as their local popula-
tions are large enough to turn over the soil surface on a 3-year
average (P. Vitosuek, Stanford University, personal communi-
cation). Hence, it is possible that large numbers of wild pigs
may also influence the spread and persistence of IntI2 through
the fecal-oral route independent of human activity.

Except for clones SLV-Int-E10, SLV-Int-F2, SAF-Int-D5,
and HI-Int-B9 (Fig. 2, cluster II) the screening of undisturbed
habitats and those with no recent fecal impact allowed the
detection of a varied set of novel integrases unrelated to those
from clinical strains (39 to 75% identical), suggesting that fecal
environments select for a much more restricted set of integrons
(Fig. 2 and Table 1; see also the information on the sites
provided in the supplemental material). The largest numbers
of unique IntI sequences were recovered from soil samples
collected in South Africa, Slovenia, Mona Island, and Hawaii
and corresponded to 32, 22, 20, and 18 phylotypes, respec-
tively. These totals were greater than that reported by a pre-
vious integrase survey which detected 15 phylotypes represent-
ing �82% of the predicted intI genes from a mine tailing
sample (49). However, as few as two to five unique phylotypes
were recovered from nonagricultural soil in Michigan (NMS24
and NMS5), whereas eight were detected in agricultural soil
from Uruguay. Defined patterns of phylogenetic clustering
were not prevalent among the above-mentioned soil inte-
grases, reflecting the broad range of amino acid identity ob-
served in these sequences. In only a few instances, some rep-
resentative, soil IntI from Mona Island, Hawaii, Slovenia, and
South Africa formed small, distantly related groups dominated
by at least three phylotypes of common origin (Fig. 2, clusters
1 to 7). Remarkably, 12 of the clones recovered from South
Africa grouped at the most distant branch relative to the XerC/
XerD outgroup (Fig. 2, cluster 1).

Forty-two integron integrases were retrieved across marine
and deep-sea sediments from the Pacific and Arctic Oceans.
The sequence identity among them ranged from 43 to 98%.
Thirteen phylotypes were recovered from the Puget Sound site
(Carr Inlet, WA) at a depth of 84 m (MS3 series), while three
were obtained from the Washington continental margin under
a water depth of 1,000 m (MS4 series). Thirteen and nine
phylotypes were detected at the Barrow Canyon site (Arctic
Ocean) under water depths of 180 (MS8 series) and 2,000 m
(MS7 series), respectively. Additionally, four IntI types were
retrieved from the East Hanna Shoal station (Arctic Ocean)
from a water depth of 160 m (MS6 series). Phylogenetic anal-
ysis revealed that marine IntIs were distributed mainly across
distantly related groups dominated by sequences from oceanic
and deep-sea sediments (Fig. 2, clusters A to G). Integrons
have been described in culturable marine bacteria associated
with the water column (1, 59) as well as in endosymbionts of
mussels and fluids recovered from deep-sea hydrothermal vent
sites (18). However, each of the marine and deep-sea phylo-
types that we detected probably represent a new integron class,
since they were �67% identical with respect to previously
described IntI sequences. Relative to fecal and soil-related
environments the numbers of successfully sequenced clones
obtained from sediments were lower, presumably due to a low
yield of PCR products and the instability of the resulting trans-
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formants during propagation. Nevertheless, we consider that
class 2 integrases were not detected in sediments due to the
lack of significant anthropogenic impact, as we have confirmed
the association of intI2 prevalence with human influence by
using intI2-specific primers in other samples (unpublished re-
sults).

Finally, intI pseudogenes (as judged by the presence of pre-
mature stop codons) distantly related to “clinical” integrases
were sequenced in several instances from both soil and marine
environments and indicated the existence of a widespread pool
of nonfunctional intI genotypes in nature. Nearly one-third of
the intI genes detected in a recent survey that included 103
bacterial genomes were pseudogenes (50), suggesting, as ar-
gued earlier (21), that selection in favor of nonfunctional in-
tegrases could be beneficial, since cassettes encoding traits
critical for fitness under specific scenarios are less likely to be
lost through the inactivation of the native IntI.

Application of the G�C fractionation technique for the de-
tection of potential IntI2 reservoirs. DNA from a manured soil
(AMS25) sampled 4 weeks after manure application was frac-
tionated based on its G�C content to reduce the complexity of
the microbial community and facilitate the evaluation of pat-
terns of IntI sequences relative to the bacterial community
composition. We chose fraction F7 (�40 to 45% G�C) and
fraction F12 (�60 to 65% G�C) for three reasons: (i) most of
the soil-extracted DNA was in the range of 40 to 65% G�C;
(ii) they provided a greater potential for separating distinct
bacterial groups, as the G�C content of dominant intestinal
bacteria with fermentative or anaerobic metabolism typically
ranges from 30 to 45% while that of aerobic, heterotrophic
species prevalent in soil has been reported to be over 60% (5,
29, 53, 54); and (iii) our choice of fractions was also promising
for excluding common carriers of class 2 integrons such as the

enterics, as several of the key representatives from this group
have a G�C content ranging from 46 to 60% (5). Therefore,
we hypothesized that this culture-independent approach would
facilitate the detection of potential, inconspicuous reservoirs of
class 2 elements.

The method of G�C fractionation was capable of reducing
the complexity of the analyzed metagenome and allowed us to
detect patterns in the abundance of IntI phylotypes in manured
soil with respect to the community structure of each individual
fraction. Analysis of clone libraries of 16S rRNA genes re-
vealed that both fractions had different community structures
comprised by unique phylotypes (�97% identical). According
to the RDP-II Classifier tool, the high G�C fraction (F12)
showed a community structure consistent with that typically
described in soil (32), as it was dominated by representatives
from the Proteobacteria (58.8%; n 	 81) Actinobacteria
(16.3%), and Acidobacteria (8.8%) (Fig. 3a). In contrast,
sequences related to the Firmicutes (39.6%; n 	 91) and Bac-
teroidetes (31.9%) comprised the most prevalent lineages de-
tected in the low-G�C fraction (F7). Remarkably, Firmicutes-
like phylotypes very similar (Sab scores, 0.94 to 0.99) to those
found in intestinal or fecal niches (Clostridia and Bacilli) (13,
33, 34, 35, 37, 63) not only were exclusive of this fraction but
their relative frequency (�21%) was nearly 10 times higher
than that of “fecal” Rhodococcus phylotypes detected in frac-
tion F12 (�2%), indicating a higher prevalence of fecal bac-
teria in fraction F7 (Fig. 3a; see also Tables S1 and S2 in the
supplemental material). These data confirmed that fecal por-
cine species were persistent in manured soil after a month of
manure incorporation. Neither fraction showed the presence
of phylotypes related to the Enterobacteriaceae.

Total DNA fractionation also revealed that the relative
abundance of IntI2-like elements was nearly 9 times higher in

FIG. 3. Relative frequency distribution of 16S rRNA (a) and IntI phylotypes (b) in DNA fractions corresponding to 40 to 45% and 60 to 65%
G�C contents, recovered from an agricultural soil from Michigan (AMS25) sampled after 1 month of manure application.
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fraction F7 (�57%; n 	 91) than in fraction F12 (�6.4%; n 	
96), supporting the notion of Firmicutes and Bacteroidetes as
potential sources of class 2 integrases (Fig. 3b). Although this
study does not provide experimental evidence in support of an
absolute linkage between these two phyla and class 2 inte-
grases, results from G�C experiments and from our culture-
independent survey of IntI2-like variants are in agreement with
the prevalence of class 1 integrons in Firmicutes from fecal
environments (48) as well as with the recent description in
public databases (47) of a class 2 integron detected in a Fir-
micutes (Aerococcus viridans) isolated from agricultural slurry
from tylosin-fed pigs (K. G. Byrne-Bailey et al., unpublished
data; GenBank accession no. FJ474094).

Clones similar to aerobic, soil-borne Bacteroidetes were the
second most prevalent group in the low-G�C fraction, sug-
gesting a role as potential IntI2 hosts (Fig. 3). However, to our
knowledge “clinical integrons” have not been described among
environmental Bacteroidetes, and information on the distribu-
tion of class 2 IntIs among clinical representatives is limited. In
a recent study, classes 1 to 3 were not detected among clinical
Bacteroides species (n 	 69), whereas these were common
among medically important isolates of the Gammaproteobac-
teria (15). Class 2 integrons have been reported among mem-
bers of the Gammaproteobacteria, particularly within represen-
tatives from the orders Enterobacteriales, Pseudomonadales,
Aeromonadales, and Vibrionales (9, 46). Nevertheless, only a
single clone similar (Sab score, 0.92) to an uncultured, unclas-
sified phylotype related to the Pseudomonadaceae was detected
in fraction F7, corroborating that the G�C fractionation was
effective in excluding canonical IntI2 hosts (see Table S1 in the
supplemental material).

The detection of potentially functional IntI2 phylotypes was
also enhanced by the resolving capacity of the G�C fraction-
ation technique. Twenty-three IntI2-like phylotypes lacking the
ochre 179 codon were identified in the low-G�C fraction
(IntI-F7 series), revealing an unsuspected higher frequency of
these variants relative to bulk DNA from the AMS25 site and
to that from any other sample where IntI2 elements were
prevalent (agricultural soils and biosolids, one to four IntI2
phylotypes) (see Fig. S3 in the supplemental material). Within
this group, clone IntI-F7-E8 showed a proline residue at posi-
tion 179, whereas two others had unique, premature termina-
tion codons at positions 214 (IntI-F7-C11) and 280 (IntI-F7-
E5), which are located at the additional and Box II domains of
integron integrases, respectively (see Fig. S4 in the supplemen-
tal material). A total of six unique (77 to 98% identical among
themselves) potentially functional IntI2-like sequences were
identified (IntI-F7-C11, D12, E6, E8, G6, and H5). Addition-
ally, five unique phylotypes distantly related to “clinical” inte-
grases were found, which represented �41% of the total se-
quences (see Fig. S5 in the supplemental material). Class 1 and
class 3-like elements were not detected in fraction F7.

Likewise, an additional set of 25 unique phylotypes (45 to
98% identical) were identified in the high-G�C fraction which
were not detected in total DNA from any of the other samples
tested (see Fig. S5 in the supplemental material). These were
also different compared to previously described integrases.
Only two “nonclinical,” IntI phylotypes from fraction F12 were
closely related (88 to 99% identical) to those from the F7
fraction (see Fig. S5 in the supplemental material). The func-

tional residues K160, A205, K209, F223, H267, Y302 (100%
conserved) R270, G292 (�97% conserved), and L206 (�94%
conserved) were also identified among these new sequences.
As observed earlier, K and R residues were 100 and 97%
conserved at positions corresponding to the functional amino
acids Q145 and W157 of the VchIntI4 sequence. Six of the IntI
variants recovered from fraction F12 were closely related (88
to 98% identical) to class 2 integrases, and four of them also
lacked the ochre 179 codon. These corresponded to three
IntI2-like phylotypes (IntI-F12-C4, E7, and F12) 90 to 99%
identical relative to themselves and over 99% identical to
IntI2-like sequences found in the low-G�C fraction. Only
three clones were found to be 72 to 73% identical to class 1 and
class 3 integrases, while two were distant matches to protein
sequences unrelated to integron integrases. The recovery of
higher numbers of new IntI elements, particularly those differ-
ent from “clinical” IntIs, emphasizes the value of the G�C
fractionation process for the detection of novel IntI phylotypes
swamped by those dominant in bulk DNA.

Novel integron integrases and class 2 integrases in the en-
vironment. Overall, our extensive environmental survey of IntI
elements uncovered 205 partial sequences of novel and distinct
IntI phylotypes (�98% identical). These corresponded to 169
detected in bulk DNA from different terrestrial and marine
ecosystems, while 11 and 25, respectively, were found in total
DNA fractions with �40 to 45 and �60 to 65% G�C contents.
Here we have documented the first report of IntI elements in
marine and deep-sea sediments from the Arctic Ocean and the
Washington continental margin, as well as in soil-related en-
vironments from the northeast area of the Caribbean (Mona
Island, PR). The recovery of such a widespread and diverse set
of integron integrases from natural environments, in conjunc-
tion with previous reports on the existence of varied gene
cassette pools across different habitats and the versatility of the
recombination function of integron integrases, reinforces the
notion of the ubiquitous distribution of the integron module
and the evolutionary significance of this gene capture and
expression system (20, 45, 49, 51). Additionally, two important
findings arising from the comparative analysis of our environ-
mental sequences with respect to that of functional integrases
were (i) the presence of a previously undescribed insertion at
the IntI-specific additional domain and (ii) the lack of conser-
vation of VchIntI4-specific, functional residues (Q145 and
W157) among environmental integrases and those from clini-
cal strains. The former feature may have functional implica-
tions, as this region is involved in synapse formation during the
integrative recombination reaction (38) while the latter sug-
gests potential alternative structural arrangements to those
described for VchIntI4.

The connection between the presence of IntI2-like elements
in environments impacted by fecal waste from animals, includ-
ing humans, allows us to suggest that class 2 integrons may
have been extracted from the extant environmental pool, pre-
sumably through the food chain and in the absence of antibi-
otic selection, and then laterally transferred and enriched in
the gastrointestinal tract. These events seem feasible, as the
ability of exogenous bacteria to survive transit in the human
and animal gut environment and the occurrence of bacterial,
lateral gene transfer in the intestinal setting are well docu-
mented (17, 36, 41, 60, 62). Collectively, the results from our

5108 RODRÍGUEZ-MINGUELA ET AL. APPL. ENVIRON. MICROBIOL.



global, molecular survey and G�C experiments also present
new insight into the prevalence and dispersal of potentially
functional IntI2-like phylotypes, which showed an unsuspected
wider distribution and diversity than those previously de-
scribed with culture-based techniques (6, 40). Furthermore,
the use of the G�C fractionation method allowed inferences
of dispersal of class 2 intI genes in potential hosts that have not
been identified before, which may guide future isolation efforts
of IntI2 carriers. Hence, risks to human health rising from the
manipulation of biosolids and animal manures and the possible
dissemination of inconspicuous functional variants of the IntI2
platform as well as antibiotic resistance determinants encoded
by integrons from fecal niches should be evaluated from a
broader perspective.
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