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Mycoplasma genomes contain compact gene sets that approach the minimal complement necessary for life
and reflect multiple evolutionary instances of genomic reduction. Lateral gene transfer may play a critical role
in shaping the mobile gene pool in these organisms, yet complex mobile elements have not been reported within
this genus. We describe here a large (—~23-kb) genetic element with unique features that is present in four
copies in the Mycoplasma fermentans PG18 chromosome, accounting for approximately 8% of the genome. These
novel elements, designated ICEF (integrative conjugal elements of M. fermentans), resemble conjugative,
self-transmissible integrating elements (constins) in that circular, nonreplicative extrachromosomal forms
occur in which the left and right termini of the integrated element are juxtaposed and separated by a coupling
sequence derived from direct repeats flanking chromosomal copies of ICEF as a result of target site duplica-
tion. ICEF contain multiple similarly oriented open reading frames (ORFs), of which some have homology to
products of known conjugation genes but others have no known counterparts. Surprisingly, unlike other
constins, ICEF lack homologs of known integrases, transposases, or recombinases, suggesting that a novel
enzyme may be employed for integration-excision. Skewed distribution and varied sites of chromosomal
integration among M. fermentans isolates suggest a role for ICEF in promoting genomic and phenotypic
variation in this species. Identification of homologs of terminal ICEF ORFs in two additional mycoplasma
species indicates that ICEF is the prototype member of a family of ICE-related elements that may be

widespread among pathogenic mycoplasmas infecting diverse vertebrate hosts.

It is becoming increasingly appreciated that lateral gene
transfer (LGT) has played a major role in bacterial evolution,
disseminating key traits both within and among bacterial spe-
cies. In contrast to evolution by random point mutation and
subsequent selection for variants with improved fitness, acqui-
sition of a new phenotype by LGT is considered a “quantum
leap” in evolution (23), as the genes responsible for the phe-
notype are typically transferred laterally en bloc. Such a trans-
fer also enables the trait to be more widely disseminated rather
than relying on different bacterial clones to independently cre-
ate de novo the desired mutation(s) that will confer increased
fitness (41, 42).

The extent to which LGT has shaped bacterial genomes has
been revealed by assessment of proliferating genome sequence
data. Not only the diverse forms of mobilizable gene pools but
also the mechanisms of transfer and the types of element
involved are becoming better defined (reviewed in references
15 and 47). Among naturally competent bacteria, transforma-
tion of naked DNA is likely to mediate genetic exchange within
and between bacterial genera. In the context of large patho-
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genicity islands, the presence of bacteriophage-related se-
quences and their insertion into known prophage attachment
sites implicate transduction as one mechanism of gene transfer
(25). Other genomic islands contain genes with homology to fra
genes present on self-transmissible plasmids, indicating that
conjugation is responsible for the transfer of certain islands
(24). Indeed, although the spread of antibiotic resistance genes
by conjugative plasmids and conjugative transposons has been
known for some time, a number of additional, diverse pheno-
types that have been shown to be disseminated by the conju-
gation of chromosomal regions have recently been reported
(29, 44, 53). These include sucrose metabolism in Salmonella
enterica serovar Seftenberg via cTnscr94, the symbiosis traits
associated with the 500-kb symbiosis island in Mesorhizobium
loti, and the degradation of chlorocatechol mediated by gene
products resident on the 105-kb clc element of Pseudomonas
putida. The term constin has recently been coined (31) to
describe this diverse group of (conjugative, self-transmissible,
integrating) elements to which previously reported conjugative
transposons such as Tn916 (49), the Bacteroides tetracycline
resistance elements (46), and the large SXT unit of Vibrio
cholerae (31) also belong.

Knowledge of the distribution of constins, their ability to
mediate lateral exchange of genetic information, and their full
potential for altering the phenotype of an organism is still
relatively incomplete. Among the better characterized of these
diverse elements, some have been shown to be inserted at
specific sites in the chromosome. In the case of the >60-kb
element SXT, an antibiotic resistance-conferring element, a
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member of the \ integrase protein family catalyzes site-specific
integration into a single site within the N-terminal coding se-
quence of the prfC gene (31). Integration of the M. loti sym-
biosis island is site specific also, with insertion into a Phe-
tRNA gene mediated by a phage P4-related integrase (53).
Two distinct Gly-tRNA genes are the known insertion sites for
the P. putida clc element, a conjugative unit that also employs
a P4-related integrase (44). In contrast, other elements, such as
Tn916, exhibit a more promiscuous range of integration sites
and can be transferred between a remarkably broad range of
hosts, illustrating the importance of certain constins in the
dissemination of genetic information across diverse genus
boundaries (49). In addition to self-transfer, some constins are
able to mobilize other genetic loci, such as mobilizable plas-
mids (both in cis and in trans), discrete integrative portions of
a chromosome (in the case of transfer of the nonreplicating
Bacteroides units in Bacteroides spp.) (51), or chromosomal loci
that are linked to the constin integration site (as described for
the Hfr-like transfer of chromosomal markers by the SXT
element) (30).

Although conjugative elements have been described for
members of many bacterial genera, indigenous self-transmis-
sible molecules have not been reported in the genus Myco-
plasma. This diverse group of more than 100 species is char-
acterized by their small genome sizes, which range from 580 to
1,300 kb (61). Accompanying their reductive evolution from
the low G+C content group of gram-positive eubacteria (20,
33, 38) has been the loss of several functions that are wide-
spread among other bacterial genera. These include the ab-
sence of genes for cell wall biogenesis and many biosynthetic
pathways, including those for amino acids, fatty acids, and de
novo nucleotide synthesis. Understandably, known mycoplas-
mas typically are obligate parasites of their vertebrate hosts.
Mycoplasmas can occupy host niches for long periods during
chronic infections, and many cause important diseases in a
broad range of animal hosts, including humans (34, 52). My-
coplasmas generally adhere to the surfaces of host cells and
tissues. The absence of a cell wall, their single limiting mem-
brane, and the chronic nature and communal environment of
most infections are predicted to be conducive to genetic ex-
change between mycoplasmas. Scrutiny of completed genome
sequences (11, 19, 21, 28) from four mycoplasmas, however,
has not revealed the presence of any conjugative elements and
has raised the prospect that LGT by such elements may be
minimal compared to that observed in bacterial genomes of
greater size (41). As these first four published genomes were at
the lower end of the range of mycoplasma genome sizes (61),
it is predicted that they may reflect features of “minimal ge-
nomes,” with a relative preponderance of essential genes en-
coding housekeeping functions (33, 38). In contrast, Myco-
plasma species with larger genomes or those showing
intraspecies differences in genome size may be predicted to
have larger “mobile” gene pools (24).

With the exception of several simple insertion sequences
(ISs) (9, 37, 57), three cryptic plasmids (16, 59), and two my-
coplasma bacteriophages (56, 60), no other mobile genetic
elements had been identified in the genus Mycoplasma and no
indigenous conjugative elements have been described. In the
present report, a novel constin-like element is described in the
genome of Mycoplasma fermentans, a human infectious agent

J. BACTERIOL.

that is under investigation as a primary pathogen or copatho-
gen in a number of clinical diseases (34, 35). This genetic
element, designated ICEF (integrative conjugal element of M.
fermentans), is approximately 23 kb long, is flanked by 8-bp
direct repeats that are associated with element insertion, and is
variable in its distribution among isolates and strains of the
species. In the type strain, PG18, ICEF is present as four
dispersed copies at distinct integration sites in the chromo-
some, accounting for 8% of the 1,200-kb genome. Further-
more, an extrachromosomal form can be detected by Southern
hybridization analysis and by inverse PCR methods. ICEF con-
tains multiple open reading frames (ORFs), including some
with homology to signature genes encoded by other conjugal
elements, but lacks a recognizable gene encoding an integrase
function. Taken together, these data support the identification
of ICEF as a novel mobile DNA in the genus Mycoplasma and
a novel member of the constin group of mobile elements.

MATERIALS AND METHODS

Bacteria, plasmids, and culture conditions. M. fermentans strains PG18 (clone
39) and II-29/1 were grown in Hayflick medium and GBF-3 medium, respec-
tively, as described elsewhere (8). Escherichia coli DH10B (Invitrogen, Carlsbad,
Calif.) was used as a cloning host for recombinant plasmids derived from vectors
pZerO-1, pZerO-2 (from Invitrogen), and pLITMUS38 (New England Biolabs,
Beverly, Mass.). E. coli was grown at 37°C in Luria-Bertani medium supple-
mented with either 10 pg of Zeocin per ml, 50 pg of kanamycin per ml, or 100
pg of ampicillin per ml, as appropriate.

DNA preparation and cloning of ICEF-related restriction fragments.
Genomic DNAs from M. fermentans PG18 and II-29/1 were prepared as de-
scribed previously (8). A standard, hybridization-driven chromosome walking
approach was taken to obtain a series of overlapping restriction fragments that
encompassed the ICEF. All restriction fragments were cloned in E. coli plasmid
vectors by using routine ligation and transformation protocols. The following
restriction fragments (as designated also in Fig. 2) were introduced into the
vectors indicated and detected by using the oligonucleotides shown in parenthe-
ses. BamHI fragments IA-2 and N1 were inserted into the BamHI site of pZ-
erO-1 and identified as two of the five different restriction fragments that were
recovered following shotgun cloning of small BamHI fragments; BamHI-BglIl
fragments IA-1 and IIC-1 (primer 1; 5" GAA AGA AGT GTG TTG AAC ACT
T) and N3 (primer 3; 5’ CGA GTA TAT GCC TAA AAT CAA TGT) and Bg/Il
fragments N5 (primer 5; 5" AGC CTC AAA AAA CGG CTC TAA ATG) and
IIA-2 (primer 7; 5" CTA TTC AAG TAG CGC GTG TG) were ligated into the
BamHI site of pZerO-2. BssHII fragments IA-3 and N2 (the only small BssHII
fragments in the genome of M. fermentans PG18) plus Mlul-BssHII fragments
ITIA-1 (primer 2; 5" GTA TCC TTG CTT TTC AAG CTT TTT), IA-5 and N4
(primer 4; 5" TGG AGC ATA TGG TGT ATT GCC), and IIC-2 and IA-6
(primer 6; 5" GAA CAA CTT CGT TTT GTA TAT CC) were cloned into the
Miul site of pLITMUS38. Nhel fragment IIB-1 (primer 1) and Xbal fragments
1A-7, ITIA-3, 1IB-2, and IIC-3 (all primer 7) were inserted into the Xbal site of
plasmid pZerO-2. A pdhA-containing Bg/II fragment from M. fermentans strain
11-29/1 was cloned into the BamHI site of pZerO-2 and identified by colony
hybridization with primer 8 (5" GCA TAC GTC CTT GAC GTT GCA). The
cloning and sequencing of a Sau3Al fragment encompassing the gene for a
previously described putative lipoprotein (14) (fragment IA-4 in Fig. 2) were
performed by Tonghua Lu (36).

Hybridization of genomic restriction fragments. Standard Southern blot and
colony hybridization protocols were used to identify suitable DNA fragments for
cloning and for identification of recombinant clones. High-stringency hybridiza-
tion and washing conditions were used as described by the supplier of the nylon
hybridization membranes (Roche Molecular Biochemicals, Indianapolis, Ind.).
In all cases, hybridization was carried out by using oligonucleotide probes labeled
at the 3’ end with digoxigenin (DIG), and hybridization bands or colonies were
detected by nonradioactive detection methods as detailed in the manual pro-
vided by the manufacturer (Roche). Fragments separated by pulsed-field gel
electrophoresis were prepared from fresh cells and separated with a CHEF
(contour-clamped homogeneous electric field) Mapper XA system (Bio-Rad,
Hercules, Calif.) under parameters controlled by the autoalgorithm function.
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FIG. 1. Identification of a repetitive sequence in the genome of M. fermentans PG18. (A) Genomic DNA from M. fermentans PG18 (clone 39)
was digested with BarmH]I, and the resulting fragments were separated by standard agarose electrophoresis. Five BamHI fragments, corresponding
to visible ethidium bromide-stained bands in the 3- to 5-kb size range, were cloned, and the nucleotide sequences were determined. The size of
each fragment (calculated from the nucleotide sequence) is indicated in kilobases. The locations and directions of ORFs within each fragment are
shown by open arrows, and the ORFs are labeled with the standard gene names for ORFs that are housekeeping genes with known functions.
ORF1 to ORF12 correspond to ORF1 to ORF12 in Fig. 2. ORF488 and ORF299 are designated by length (in amino acid residues) and have
significant homology (BLAST P < 1E-16) to conserved hypothetical ORFs MG443 (from M. genitalium) and Mypu4350 (from M. pulmonis),
respectively. The asterisk represents the location of the hybridization probe (primer 2; see Materials and Methods) used in the Southern analysis
in panel B. Some terminal ORFs indicated by arrows (for example, orf5) are incomplete by virtue of the BamHI restriction site by which their
fragments were cloned. (B) Southern hybridization analysis of multiple copies of ICEF in M. fermentans PG18. Genomic DNA was digested with
BssHII (lane 1), Bg/II (lane 2), Bg/Il and BssHII (lane 3), BamHI (lane 4), or Xbal (lane 5) and probed with DIG-labeled oligonucleotide primer
2 (see Materials and Methods). Lane 6 contained DIG-labeled N HindIIl markers (Roche), the sizes of which are indicated in kilobase pairs at
the right of panel C. The open triangle highlights a reproducible but weakly hybridizing BssHII restriction fragment of approximately 5.7 kb that
was present in lane 1. (C) Southern analysis of multiple copies of the right terminal portion of ICEF. Genomic DNA from M. fermentans PG18
was digested with Mlul (lane 1), BssHII (lane 2), Mlul-BssHII (lane 3), or Xbal (lane 4) and probed with DIG-labeled primer 7 (see Materials and
Methods and Fig. 2). Lane 5 contained DIG-labeled markers as in panel B.

PCR amplification. Oligonucleotide primers 1 (see above) and 9 (5" TTA sequencing was performed with Tag dye terminators and either a Prism 373 or a
TAG TAG CTT TCA CCG AGT A) were used to amplify an approximately Prism 377 automated DNA sequencer (Applied Biosystems, Inc.). Both of these
420-bp portion of ICEF from the genomic DNAs of various M. fermentans services were carried out at the University of Missouri Molecular Biology Pro-
strains. These included DNA preparations from strains K7, MT-2, M39A, M70B, gram DNA Core Facility. DNA and deduced peptide sequences were manipu-
SKS, SK6, and Incognitus (all kindly provided by S.-C. Lo, Armed Forces Insti- lated and analyzed by using the Genetics Computer Group (Madison, Wis.)
tute of Pathology, Washington, D.C.) plus genomic DNA from M. fermentans software package through the Pittsburgh Supercomputing Center (http://www

strain I1-29/1 (8). Template DNA (10 ng) was used in a standard PCR consisting .psc.edu/biomed) and the PSORT program (http://psort.nibb.ac.jp/) and by using
of 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min. The resulting the BLAST program (and linked databases) at the National Center for Biotech-

amplicons were analyzed following electrophoresis through ethidium bromide- nology Information (http://www.ncbi.nlm.nih.gov).
containing agarose gels and by direct sequencing following purification through Nucleotide sequence accession numbers. The DNA sequences reported here
QIAquick spin columns (Qiagen Inc., Valencia, Calif.). As a control, primers 10 have been deposited in the GenBank database and assigned the following ac-

(5" TTG AGA TAT TTA AGC AAA ATATCT A) and 11 (5" ATT TTC CAG cession numbers: ICEF-IA, AY168953; a composite type II ICEF, AY168954;
CAT TTT TTT GAT TAA) were used to amplify the previously described malp fragment IIA-1, AY168955; fragments IIA-2 and IIA-3, AY168956; fragment
gene, which had been shown to be present in each of these isolates (8). To IIB-1, AY168957; fragment IIB-2, AY168958; fragment IC-1, AY168960; frag-
amplify the regions of the M. fermentans 11-29/1 genome that correspond to the ments IIC-2 and IIC-3, AY168959; fragment N1, AY168961; fragment N2,
insertion sites for ICEF-IA and ICEF-IIC (in PG18), a long-range PCR with the AY168962; fragment N3, AY168963; fragment N4, AY168964; fragment NS5,
Expand Long Template PCR system (Roche) was performed as described pre- AY168965.

viously (9). Primers 12 (5" AAC TTC ATG CAG CTG ATG TTT CAA) and 13

(5" TTT GTA GAC ATA TTT CCT CCT TA) were used to amplify an approx-

imately 1.5-kb region occupied by ICEF-IA in strain PG18. Primers 14 (5" GGA RESULTS AND DISCUSSION
GGA TTA ATT TTA GTT GAA TCA) and 15 (5" GGC AAG TAA AGG TTG
AGA AGT TCT) were used to amplify an approximately 2.9-kb region of the Identification of a novel repeated sequence in the genome of

strain 11-29/1 genome corresponding to the ICEF-IIC integration site in strain M. fermentans PG18. During an ongoing analysis of genes en-
PG18. i
coding surface components of M. fermentans, a repeated se-

Inverse PCR methods. To identify an extrachromosomal form of ICEF, a PCR L K . . .
assay was employed with primers 7 and 9 (see above), which were outwardly quence was serendipitously identified within genomic DNA

oriented toward the left and right junctions, respectively, of ICEF in the chro- from a clonal isolate of the type strain, PG18. This sequence
mosomally integrated form of the element. A standard PCR was employed, with was revealed during agarose gel electrophoresis of genomic
approximately 50 ng of M. fermentans PG18 genomic DNA as the template and DNA restriction fragments generated with BamHI recogniz—
30 amplification cycles with the following profile: 94°C for 1 min, 50°C for 30 s, . . . . . ’ .
and 72°C for 1 min. To selectively amplify the extrachromosomal form of ICEF- mg the GGATCC site, which is predlCted to be rare in the
TA, a similar PCR assay was employed, with primer 7 paired with primer 16 (5’ A+T-rich (28% G+C) M. fermel’ltllns genome (27). Unexpect-
ACA GGT CGA ACG GGT AGT AA). The latter primer amplifies ICEF-IA edly, the BamHI restriction proﬁle of M. fementans PG18
specifically, as the sequence corresponds to a region of microheterogeneity DNA contained a distinctive cluster of several fragments rang-
between ICEF-IA and three type II elements. . in size f 3.4 kb to a oximatelv 5 kb. with a predom-
Oligonucleotide synthesis and DNA sequencing. All of the oligonucleotides %ng In S1z¢ from 2. i PPIOxI y » W pr
used in this study were synthesized on a model 3948 Nucleic Acid Synthesis and inant band at approximately 4 kb (Flg~ 1A)~ Because such
Purification System (Applied Biosystems, Inc., Foster City, Calif.), and all DNA patterns can reflect a tandemly repeated sequence, a dispersed
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TABLE 1. Selected features of ICEF-encoded deduced gene products®

No. of amino Cellular

ORF acid residues Mass (Da) pl location” Feature(s)”

ORF1 239 28,164 10.86 C Weak homology to short M. capricolum contig MC293

ORF2 63 7,235 10.59 C Absent from ICEF-IA

ORF3 400 47,249 8.17 C Contains Tral relaxase motif III (43)

ORF4 155 17,610 9.34 M

ORF5 739 84,981 10.04 M TraG family (pfam02534; P = 3E-10); NTP-binding site

ORF6 62 7,549 10.36 C Weak homology to putative exported protein (accession
no. YP01989) of Y. pestis

ORF7 315 35,628 6.63 M

ORF8 79 9,481 10.42 C Identical to ORF8a in first 52 residues

ORF8a 62 7,209 10.14 C Present in ICEF-IA only

ORF9 288 34,455 9.77 C Present in ICEF-IA only

ORF10 54 6,541 10.54 C Present in ICEF-IA only

ORF11 238 27,904 4.27 C

ORF12 183 21,063 6.58 C Single-stranded DNA-binding protein family
(ptam00436; P = 4E-14)

ORF13 84 10,160 10.34 M

ORF14 522 61,800 5.82 LpP P57 lipoprotein; signal sequence

ORF15 93 9,987 9.22 M

ORF16 396 43,672 10.51 M Frameshift detected in one type II element

ORF17 937 108,137 8.05 M Homology to TraE/TrsE conjugation proteins; NTP-
binding site

ORF18 227 26,633 6.94 M

ORF19 1,409 162,788 8.66 M Frameshift in ICEF-IA; signal sequence

ORF20 159 19,023 9.59 C Present in ICEF-IA only

ORF21 308 36,026 9.73 C

ORF22 388 45,786 10.24 C Homology to M. pulmonis P16 (31% identity over 137

amino acid residues)

“ The relative position and orientation of each orf are shown in Fig. 2.

b As predicted by the PSORT program (C, cytoplasm; M, contains transmembrane domain; LP, putative lipoprotein).
¢ P represents the BLAST probability score for homology to consensus for protein families (pfam).

repetitive sequence, or a hitherto unrecognized replicon, the
BamHI fragments were cloned in E. coli to determine whether
any are related. Restriction analysis of the recombinant plas-
mids indicated that five different BamHI fragments had been
cloned. The nucleotide sequence of a representative of each
fragment was determined and analyzed (Fig. 1A; Tables 1 and
2).

Three of these BamHI fragments contained distinct sets of
genes with strong homology (BLAST P < 1E-14) to ortholo-
gous genes of known function that are typically located on
bacterial chromosomes. Among these were genes encoding
GyrA together with ribosomal proteins L31 and S4 (from the
3.41-kb fragment) and GyrB (from the 3.98-kb fragment). Par-
enthetically, this demonstrated that the genes encoding the
DNA gyrase subunits of M. fermentans are not tandemly ar-
ranged, as is the case in many bacterial chromosomes, includ-
ing those of some mycoplasma species (19, 21, 28). One
BamHI fragment of 4.05 kb had, at one end, an ORF (abc)
encoding an ATP-binding cassette of an ABC transporter. This
fragment will be further discussed below in the context of a
junction region. Analysis of two other BamHI fragments for-
mally identified a novel repetitive sequence in the M. fermen-
tans PG18 chromosome. The sequences of the 5.27- and
4.24-kb BamHI fragments (Fig. 1A) were greater than 99.9%
identical, except for an additional 1-kb sequence (encoding
ORF9 and ORF10) that was present within the larger DNA
fragment. Within these nearly identical fragments were several

similarly oriented ORFs without homologs in the current da-
tabases, but at each end were ORFs with significant homology
to proteins encoded by mobile genetic elements. Thus, one end
of each fragment encoded the C-terminal portion of an ORF
strongly resembling the conserved TraG family of proteins
(ORFS, Table 1). At the other end, the BamHI site was within
an ORF with significant homology to the family of single-
stranded DNA-binding proteins (SSBs) (ORF12, Table 1).
These comparisons suggested that, within the M. fermentans
PG18 genome, there are at least two copies of a repeated unit
with sequence characteristics of a conjugative mobile genetic
element. This was of considerable interest because of the pau-
city of known complex elements in mycoplasmas and prompted
a more complete characterization of the repeated sequence.
To determine the copy number of the repeated sequence, M.
fermentans genomic DNA was restricted and subjected to
Southern analysis. With an oligonucleotide probe correspond-
ing to a sequence within ORF5 encoding the TraG family
homolog, different hybridization profiles were observed, de-
pending on the restriction enzyme employed. As expected, the
probe hybridized to both a 5.3-kb and a 4.2-kb BamHI frag-
ment, but the hybridization signal for the latter was reproduc-
ibly greater, even though the target sequence selected in each
fragment was the same. These data suggested a greater copy
number for the 4.2-kb BamHI fragment. Such disproportionate
hybridization was also obtained with Southern blots of EcoRI
or Clal fragments (data not shown). Some restriction digests
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TABLE 2. Deduced gene products” encoded in chromosomal regions flanking ICEF copies in M. fermentans PG18

Gene product

% 1dentity pd

or IS ICEF copy Size? Closest homolog (length)® Comment
LepA 1A 599 LepA, M. pulmonis 66 (598) 0 Conserved GTPase
LicA 1A 242 LicA, M. pulmonis 48 (237) 2E-60 Putative choline kinase
ORF228 ITA 228 CysS, M. pulmonis 42 (183) 2E-36 Apparent fusion of conserved
hypothetical ORF and cysS in
M. pulmonis
ISMf7 IIA, IIB 1,570 1S285 transposase, 41 (143) 1IE-51 Multiple frameshifts in Tnp reading
Yersinia pestis frame
ORF700 ITA 700 ND Signal sequence, strain variable among
M. fermentans isolates (Fig. 3)
ORF251 1A 251 OrfD1, M. 38(239) 4E-37 ABC transporter, ATP-binding protein;
fermentans ICEF-1IA insertion at residue 47
Tnp 1A 136 UU372 integrase, 68 (119) 6E-41 Fragment of 1S3 family transposase
U. urealyticum gene
ORF349 ITA 349 RC0529, Riskettsia 25 (247) 7E-07 Hypothetical ORF
conorii
PdhA 1A >101 PdhA, M. pulmonis 67 (101) 1E-32 Pyruvate dehydrogenase E1 a subunit
ORF 1IB >469 ND¢
ORF406 1B 406 ND
ORF472 IIC 472 CQO002, S. aureus 21 (507) 5E-15 Strain-variable ORF of S. aureus
ORF242 IIC 242 HI1038, 32 (127) 1E-22 orf242 contains multiple frameshift
Haemophilus mutations
influenzae
ORF375 IIC 375 RC0529 R. conorii 28 (187) 2E-09 Hypothetical ORF

“The relative locations and orientations of genes are shown in Fig. 1 or 3.
® Given in amino acid residues, except ISMf/ (nucleotides).

¢ Given in identical amino acid residues. Length is the extent of the homologous region.

4 Probability scores from BLASTX.
¢ ND, no homolog detected in the databases.

yielded a single hybridizing band (for example, Xbal [Fig. 1B,
lane 5]). Through systematic analysis of restriction fragments,
Southern analysis of DNA doubly digested with Bg/II (a mod-
erately frequent cutter) and BssHII (a rare cutter, but for
which a restriction site exists within each of the two related
BamHI fragments) ultimately revealed four hybridizing bands
of similar intensities (Fig. 1B, lane 3), indicating that there are
four genomic copies of the repeated sequence in M. fermentans
PG18. This was confirmed by the data in Fig. 1C (discussed
below). A band of fainter intensity could also be detected
following hybridization of certain restriction fragments
(BssHII [lane 1] and BssHII-Bg/II [lane 3]; indicated by the
open triangle in Fig. 1B) and is discussed below. Southern
hybridization of large (>20-kb) Pstl, Sacl, and Kpnl restriction
fragments that had been separated by pulsed-field gel electro-
phoresis also indicated that there are four copies of the re-
peated sequence (data not shown). Importantly, the approxi-
mately equivalent hybridization of the probe to four large and
distinct DNA fragments strongly suggested that the repeated
sequences reside within the chromosome of M. fermentans.
This was subsequently confirmed following the isolation and
sequence analysis of junction fragments linking the repeated
sequence to flanking genes in the chromosome (discussed be-
low).

The repeated sequence is a 22- to 23-kb genetic element. To
determine the length and nature of the repeated sequence,
overlapping clones were identified by traditional hybridization-
driven walking techniques (Fig. 2). The combined data from

extensive hybridization studies and sequence analyses of >20
cloned restriction fragments (the most pertinent of which are
shown in Fig. 2) indicated that the four repeated elements
were approximately 23 kb in length. Although very closely
related in sequence, one of the four copies had a configuration
(designated type I) distinct from that of the other three copies
(designated type II), on the basis of ORF composition and
originally revealed by multiple characteristic restriction frag-
ment length polymorphisms (for example, as in the two largest
fragments in Fig. 1A). These polymorphisms and the single-
copy number facilitated the identification and assembly of se-
quences from the type I element (Fig. 2). However, no distinc-
tive restriction site polymorphisms have been identified among
the three copies of the type II element, and so, for many
internal restriction fragments, it was not possible to determine
from which copy these cloned fragments were derived. Never-
theless, comparison of approximately 4-kb homologous se-
quences from distinct copies of the type II elements (assigned
by linkage to unique junction fragments) revealed only four
nucleotide differences. Taken together, these data support the
consensus model shown in Fig. 2, representing the organiza-
tion and features common to all of the type II elements.
Analysis of the entire set of sequences revealed that if the
termini of the four elements are defined as the first position at
which the sequences of the four junction fragments diverge,
the single type I element is 23,773 bp in length and the three
type II elements are 22,331 bp in length. As the M. fermentans
PG18 chromosome has been reported to be 1,245 kb (48), the
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FIG. 2. Restriction map and ORF complement of the two ICEF configurations in M. fermentans PG18. The locations and directions of ORFs
within ICEF units are shown by arrows, and the ORFs are numbered consecutively. Each of the two ICEF configurations (designated I and II)
has a slightly different ORF complement; ORFs that are unique to one type of element are shown as black horizontal arrows. The left and right
boundaries of the ICEF units are indicated by the letters L and R, respectively. Restriction fragments that have been cloned and sequenced are
shown as narrow horizontal lines above (for ICEF-IA) or below (for ICEF-IIA, -1IB, and -IIC) the ORFs. Each fragment is assigned an identifier
with a prefix (IA-, IIA-, IIB-, or IIC-) to indicate the ICEF copy from which it was derived or given an N designation if it is an internal fragment
that has not been assigned to a specific copy of the type II configuration. Restriction fragments [A-1, ITA-1, IIB-1, IIC-1, IA-7, I1A-2, IIA-3, IIB-2,
and IIC-3 contain genomic regions flanking ICE units in addition to the regions of ICE shown. Restriction maps (thick horizontal lines) are shown
representing the single type I configuration and the three variants of the type II configuration, with 3-kb size intervals marked below. Abbreviations
for restriction sites: A, AfI1l; B, BamHI; Bg, Bglll; Bs, BssHII; M, Mlul; N, Nhel; P, Pstl; S, Scal; Sa, Sau3Al; X, Xbal. Only the restriction sites
used in fragment cloning or hybridization analysis or those that represent characteristic polymorphisms between ICEF configurations I and II are
shown. The locations of Southern hybridization probes used in the analyses shown in Fig. 1B (primer 2; asterisks) and C (primer 7; triangles) are
shown above the restriction maps. Locations at which comparative sequence analysis revealed the presence of an in-frame stop codon in ORF5
of ICEF-IA (a), a frameshift mutation in ICEF-IA ORF19 (b), and a frameshift mutation in ORF16 (c) within the internal N4 restriction fragment

are highlighted by vertical arrows.

approximately 91 kb of ICEF sequence accounts for approxi-
mately 8% of this small genome. Although each element con-
tains several G+ C-rich restriction sites, overall, the A+T con-
tent of each element is 71%, which is within the range of
mycoplasmas (27) and is similar to the 73% A+T composition
reported for one 15-kb genomic region of M. fermentans (8).
This feature and the predominant use of the UGA codon to
encode Trp within coding sequences indicated that these re-
peated elements represent bona fide components of the M.
fermentans genome rather than a relatively recent LGT from a
bacterium with the standard genetic code.

Overall, configurations I and II of the element (Fig. 2) have
very high sequence similarity. Two regions, of 167 and 291 bp,
are absent from the type I element, which is nevertheless larger
than type II elements because of the presence of unique 1,040-

and 865-bp sequences in the type I configuration. Within the
approximately 21 kb of sequence that occurs in both configu-
rations, the nucleotide sequences show a similarity of greater
than 99.5% (95 nucleotide differences overall). The similarity
among copies of type II elements is even more striking. Com-
parison of the approximately 2.8-kb DNA sequences that have
been assigned to the copies of type II elements (fragments
IIA-1, IIB-1, and IIC-1 in Fig. 2) revealed differences at only
two nucleotides. A similar analysis of the approximately 1.1 kb
that is present in each of fragments IIA-3, I1IB-2, and IIC-3
identified only one nucleotide difference. These data, together
with the conservation of multiple restriction sites among the type
II elements (evident during cloning of overlapping fragments and
Southern analysis [Fig. 1B and C, lanes 2 and 3]), implied that
only minor differences occur among type II elements.
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Consistent with these nucleotide similarities, type I and II
elements contain similar but not identical complements of
ORFs (Fig. 2). With 50 amino acids as a minimum, 22 different
ORFs were identified, ranging in length from 54 to 1,409
amino acid residues. The type I configuration differs from the
type II configuration by the presence of three type I-specific
ORFs and the absence of small ORF2, which is present in all
copies of the type II configuration. Overall, the coding density
is high (92%), with many ORFs predicted to reside within
operons (i.e., with short intergenic regions or overlapping
start-stop codons indicative of translational coupling and likely
reflecting a related function requiring coregulation). The ex-
treme bias in gene orientation and compact organization are
features that resemble the genomes of mobile DNAs, including
bacteriophages (58), conjugative transposons (46), and tra re-
gions of self-transmissible plasmids (5, 17).

ICEF contains multiple genes associated with DNA mobility
and conjugation-related functions. As expected from the near
nucleotide sequence identity, the deduced polypeptide se-
quences of ORFs that are conserved between the type I and II
configurations are greater than 98.5% identical (some paralogs
have complete amino acid sequence identity). Pairwise com-
parison of corresponding ORFs from the two configurations
also revealed the presence of one in-frame stop codon and two
frameshift mutations (Fig. 2 and Table 1).

Considering the recent proliferation of gene sequences rep-
resented in current databases, it was somewhat surprising that
BLAST analysis identified only three ORFs with significant
homology (P < 1E-06 [2]) to proteins in the GenBank data-
base. As mentioned, two of these, ORF5 and ORF12, were
similar to gene products having DNA mobility-related func-
tion. Thus, TraG-related ORF5 has the greatest homology to
the PCP51 protein of Clostridium perfringens plasmid pCP13 (P
= 8E-13) and TrsK of Enterococcus faecalis transposon Tn1549
(P = 4E-11). The prototype of this family, TraG of plasmid
RP4, is essential for conjugation (54) and has been proposed to
couple the relaxosome to the conjugal mating pore (7). Mem-
bers of the TraG family have conserved nucleotide-binding
sites and, where studied, have been shown to localize to the
cytoplasmic membrane (22). The latter is consistent with the
presence of transmembrane domains in the N-terminal portion
of the TraG polypeptide. The presence in ORFS (Table 1) of
conserved nucleoside triphosphate (NTP)-binding motifs and
two putative membrane-spanning domains indicates that this
gene product may also function as a membrane-linked
NTPase.

ORF12 encodes a small basic polypeptide with significant
homology to SSBs. The deduced ORF12 sequence exhibits the
greatest similarity to three SSBs encoded within the Clostrid-
ium acetobutylicum genome (CAC3723, CAC1919, and
CAC0945; P = 1E-08) and those encoded by Staphylococcus
aureus prophages phiPV83 (P= 1E-09) and phiPVL (P = 2E-
09). As with comparisons among other SSBs, the greatest sim-
ilarity is localized to the first 100 residues from the N terminus
(45), a region that has been shown for some family members to
be sufficient for DNA binding (12). The four published myco-
plasma genome sequences each contain a chromosomal house-
keeping gene encoding SSB, a feature that is shared by most (if
not all) bacteria. Many mobile elements, however, encode an
additional ssb gene. In the context of conjugative elements,
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SSBs may protect from nucleases or stabilize the single-
stranded DNA intermediate that is formed during the DNA-
processing phase of element transfer.

The only other ORF within the element with significant
overall similarity to proteins in the databases was ORF17,
which had homology to conjugation proteins of the TraE/TrsE
family, with the greatest similarity to the chromosomally en-
coded TraE protein of Mycoplasma pulmonis (P = 9E-53) and
TraE of Lactococcus lactis plasmid pMRCO1(P = 9E-20).
TraC of the E. coli F plasmid is also a member of this family.
Although the function of TraE proteins is unknown, family
members are membrane associated and possess a conserved
NTP-binding site (18, 39), both features that are predicted to
be shared by the ORF17 polypeptide.

Our finding that these large repeated elements contain mul-
tiple homologs of conjugation-related proteins strongly sug-
gests that they represent previously unrecognized conjugative
elements of M. fermentans. In light of the potential for conju-
gation and the chromosomal residency of the element, the
designation ICEF was adopted to describe the element. The
four copies of ICEF in M. fermentans PG18 are identified as
ICEF-IA (a single copy of the type I configuration) and ICEF-
IIA, -1IB, and -IIC (three copies of the element with the type
II configuration). The possibility of additional characteristic
motifs associated with this class of element was examined. The
deduced ORF3 polypeptide contained a sequence, HGNT
DNPHIH, that closely resembles the sequence HHDT
DNLHIH of the Tral protein of RP64, which forms motif III,
the most conserved of the three motifs characteristic of relax-
ases (43). Appropriately spaced regions with limited sequence
similarity to relaxase motifs I and II can also be identified in
ORF3, strengthening the notion that this polypeptide serves as
the relaxase for ICEF. With the absence of other homologs in
the protein database, each ORF sequence of ICEF was que-
ried against six-frame translations of the current databases. In
this way, two additional homologs were identified. ORF1 had
weak homology to a short sequence contig (MC293) from a
genome sequence survey for M. capricolum (6). Although the
homology score was low, this was likely due to frameshifts in
the 684-bp M. capricolum sequence. The second homology
(31% over 137 amino acid residues) occurred between termi-
nal ORF22 and the reading frame encoding the P16 ORF of
M. pulmonis strain KD 735-15 (50). The function of P16 is
unknown, but it is of interest because within the complete
genome sequence of M. pulmonis strain CT (11) is a previously
unrecognized pIl6 gene sequence that is present in a different
chromosomal location, consistent with a previous association
with mobile DNA. The possibility that pl6-containing ele-
ments exist in other M. pulmonis isolates is under investigation.

ORFs within ICEF were analyzed for short sequence motifs
(with the “motifs” function of the Genetics Computer Group
package) and sequence characteristics indicative of the subcel-
lular location of each putative gene product (Table 1). Ten of
the 22 ORFs are predicted to contain transmembrane-span-
ning domains. The largest predicted product, that of ORF19,
contains a signal sequence at the N terminus. As little is known
about mycoplasmal signal peptidases and their cognate cleav-
age specificities, it is not possible to predict whether the prod-
uct of ORF19 is cleaved (and possibly released from the cell
surface) or whether the hydrophobic signal peptide serves as a
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membrane-spanning anchor that may tether the ORF19 prod-
uct to the single limiting membrane of M. fermentans.

A single lipoprotein is encoded by each copy of the genetic
element. ORF14 encodes a 57-kDa polypeptide predicted to
be the mature lipoprotein following removal of a signal peptide
of 25 amino acid residues. This signal sequence was originally
identified through a systematic screen for export functions of
M. fermentans in E. coli, and the predicted lipid-modified am-
phipathic P57 product was confirmed by Western analysis with
an antibody to a corresponding synthetic peptide (14). Subse-
quent work in this laboratory led to the cloning of two distinct
alleles of the gene encoding P57, designated p57 and p57' (36).
The latter represents the allele found in the sequence of the
single-copy type I configuration, ICEF-IA, on the basis of
restriction fragment length polymorphism analysis for the re-
striction enzymes AfIII and Fspl (data not shown). In contrast
to other ORFs in ICEF, the two alleles are comparatively
divergent between ICEF configurations. The two p57 alleles
contain 23 nucleotide differences, of which 13 are nonsynony-
mous, with amino acid substitutions dispersed throughout the
P57 sequence. No differences in p57 sequences were identified
in multiple clones from type II elements.

The P57 lipoprotein lacks homology to any other database
entries, although as previously reported, a proline-rich region
close to the N terminus is similar to an analogous region of the
PMGA lipoproteins of M. gallisepticum (14). Lipoproteins are
encoded by other mobile elements. TraV of the E. coli F
plasmid is proposed to be an outer membrane anchor for a
transenvelope transfer structure (26). The function of TraH of
Staphylococcus aureus plasmid pSK41 is unknown (18), but as
with certain plasmid-encoded lipoproteins from E. faecalis, the
cleaved signal peptides are precursors for signaling phero-
mones (3).

ICEF integrates at multiple distinct sites in the M. fermen-
tans chromosome. Initial hybridization analyses indicated that
ICEF units were chromosomal in location. To confirm their
chromosomal residency and to better understand the mecha-
nism by which these elements integrated into the genome,
junction fragments were sought that would contain both the
ICEF termini and adjacent flanking sequences. Hybridization
with oligonucleotide probes that anneal to sequences close to
the ICEF termini enabled four genomic junction fragments of
chromosomal DNA to be identified and cloned. These con-
tained the left (IA-1, IIA-1, IIB-1, and IIC-1) or right (IA-7,
IIA-2, 1IB-2, and IIC-3) termini of the element (Fig. 2). Se-
quence analysis of these junction fragments, together with a
comparison to the equivalent regions from an M. fermentans
isolate, II-29/1 (8), that lacks ICEF, enabled pairs of left and
right junctions to be assigned to a specific copy of ICEF (Fig.
3), thereby identifying individual insertion sites for each ICEF
copy. Two ICEF units were inserted into different sites in
distinct copies of ISMi/, a previously described multicopy IS of
M. fermentans (32, 37). ICEF-IA was inserted into the left
inverted repeat of an ISMi/ copy that is adjacent to the M.
fermentans lepA and licA genes (Fig. 3 and Table 2). ICEF-IIB
was embedded within the transposase coding sequence of
ISMil, disrupting synthesis of the enzyme from this IS copy.
Interestingly, this copy of ISMi/ is adjacent to a previously
unrecognized IS of M. fermentans that belongs to the 1S256
family of elements (37). Two additional copies of this IS,
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herein designated ISM{f/, were also identified in the vicinity of
the ICEF-IIA insertion site. Upstream of ISMi/-containing
ICEF-IIB were two ORFs that lack significant homology to
entries in the current databases.

Analysis of the ICEF-IIA junction fragments revealed that
this ICEF copy was inserted in the vicinity of the housekeeping
gene pdhA, encoding the Ela subunit of pyruvate dehydroge-
nase. Coincidentally, the 4.05-kb BamHI fragment (one of the
five initially identified; Fig. 1A) was also a junction fragment
for ICEF-IIA. In this case, ICEF had not disrupted an IS but
was inserted into the 5’ region of a gene encoding an ATP-
binding cassette of an ABC transporter (ORF251; abc in Fig.
1A). Interestingly, this region of the M. fermentans chromo-
some is strain variable. In attempting to confirm the linkage of
the pdhA region to orf251 (ABC transporter gene containing
ICEF-IIA in strain PG18), the pdhA region of strain II-29/1
was cloned and sequenced. As can be seen in Fig. 3, the pdhA
clone from II-29/1 also contained the genes encoding the con-
served hypothetical proteins encoded by ORF228 and ORF349
but lacked the two copies of ISMf/, a truncated transposase
gene, and the intervening ORFs that occurred in PGIS.
Whether this observed genomic variation was due to the in-
sertion en bloc of a composite structure that was flanked by
ISMf] elements or whether each of the integrative elements
was acquired independently could not be determined.

The fourth copy, ICEF-IIC, was inserted into an intergenic
region between conserved ORFs of unknown function (Table
2). To assign the left and right junction fragments to ICEF-1IC,
a PCR was used to confirm the ordered linkage of hypothetical
genes orf472-orf242-orf375 in the chromosome of strain I1-29/1.

ICEF insertion generates direct repeats by target site du-
plication. The observation that three of the four ICEF copies
in strain PG18 are located within other genes or genetic units
suggested that ICEF units are integrative DNAs. A hallmark of
such elements is the presence of flanking direct repeats that
are generated during DNA integration. The direct repeats
result from asymmetric cleavage of the two DNA strands by
the integration machinery and subsequent repair once the el-
ement has been inserted (37). Target site duplications vary in
length but typically range from 2 to 13 bp. Generally, however,
the length of the duplication is fixed for any given integrative
DNA and is a characteristic feature of that element. Inspection
of the sequences immediately abutting the termini of ICEF
revealed that each copy is flanked by an 8-bp sequence that is
present as a direct repeat (Fig. 4). Although this pattern is
consistent with target duplication by an integrative element, it
is also possible formally that ICEF is inserted between direct
repeats. However, since two ICEF molecules had been in-
serted into copies of a known IS element and a third had been
inserted into a gene for which the nondisrupted sequence was
subsequently determined, it was possible to ascertain that for
three of the four known ICEF insertion sites, the two 8-bp
sequences flanking the respective ICEF are present only as a
single copy in the “empty” site.

These data indicate that ICEF are integrating DNAs.
Clearly, multiple copies of the element can be comaintained
within a single genome (since the organisms used in this study
were isolated from low passage of a clonal isolate). The occu-
pancy of multiple distinct insertion sites indicates that ICEF
integration is not site specific, but a larger number of target
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FIG. 3. Genomic locations of ICEF insertion sites in M. fermentans. The locations of ICEF insertion sites (solid arrows) in M. fermentans PG18
are shown, together with the equivalent region (for ICEF-IIA) of the strain II-29/1 chromosome. The locations and directions of ORFs (open
arrows) and individual copies of multicopy ISs ISMi/ and ISMf/ (open rectangles) that flank each of the four ICEF units in M. fermentans PG18
are shown. ORFs for coding sequences that either lack homology to known proteins or encode homologs of conserved hypothetical proteins are
designated by ORF length (in amino acid residues, where this is known). ORFs with significant homology to housekeeping genes are labeled with
standard gene abbreviations. A truncated transposase coding sequence is indicated (fnp) by an open square. For ICEF-IA and ICEF-IIC,
horizontal arrows indicate the relative positions and orientations of the primers used for PCR amplification of the corresponding sites in the
chromosome of M. fermentans 11-29/1 (which lacks ICEF units). The chromosomal region of strain II-29/1 that is equivalent to that occupied by
ICEF-IIA in strain PG18 was analyzed by sequencing a cloned genomic fragment (see Materials and Methods). ICEF-IIB is inserted into one copy

of ISMi! that is flanked by ISMf/ and two hypothetical genes.

sites need to be identified before the possibility of insertion site
preference can be ascertained.

The available data indicate that ICEF units are novel genetic
elements of M. fermentans that most closely resemble conju-
gative transposons and other members of the constin family of
self-transmissible integrative DNAs. In contrast to other mem-
bers of the family, however, ICEF units lack genes that encode
homologs of known integrases, transposases, or recombinases.

I-A TCCGGACTTTTTGG |GGAA--TTCC| CTTTTTGGAAAGGG
II-A AATAAAGATTTATT |GGAA--TTCC| GATTTATTAATTAA

1I-B TAATAAATTTATTT |(GGAA--TTCC| ATTTATTTTGCCTT

II-C TCGTAACTTTTTCT |GGAA--TTCC| CTTTTTCTTAATAA
L ICEF R

FIG. 4. ICEF insertion generates 8-bp direct repeats by target site
duplication. The nucleotide sequences flanking each copy of ICEF in
strain PG18 are shown, together with the terminal nucleotides of ICEF
(boxed). Underlining highlights the 8-bp sequence that is present in
single copy in an unoccupied context and as a flanking direct repeat
upon ICEF insertion.

This raises the interesting possibility that these unusual ele-
ments have novel genes and encoded enzymes that carry out
the critical integration-excision functions. As the genes encod-
ing mobility functions of elements are typically located close to
the sites of action (the ICEF termini in the present context)
and would be predicted to encode basic cytoplasmic proteins,
the terminal ORFs, ORF1 and ORF22, are candidates for this
requisite function.

ICEF occurs in extrachromosomal forms. In the absence of
systems for the genetic manipulation of M. fermentans, it has
not been possible to demonstrate the mobility of ICEF di-
rectly. However, consideration of a faint, approximately 5.5-kb
BssHII fragment that was reproducibly detected by Southern
hybridization (Fig. 1B, open triangle) suggested that the dy-
namics of ICEF might be monitored by alternative approaches.
The faint band (identified with probe 2; location indicated by
an asterisk in Fig. 1A and 2) was intriguing since there was no
evidence of the presence of a BssHII fragment of that size in
the M. fermentans chromosome. However, cleavage of a circu-
lar extrachromosomal form of ICEF would yield such a frag-
ment. The presence and identity of this fragment were con-
firmed by reprobing the same blot with a probe corresponding
to the ICEF right terminal region (data not shown). These data
suggested a model (Fig. SA) similar to that proposed for other
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FIG. 5. Detection of an extrachromosomal form of ICEF. (A) Model for integration-excision of ICEF units. The direct repeats flanking ICEF
are shown as open rectangles abutting the left (L) and right (R) termini of the integrated form of ICEF (solid bar). In the extrachromosomal form,
the termini are juxtaposed and separated by a 6-bp coupling sequence (CS). Orientations of primers (triangles) used to amplify the unique
configuration of the extrachromosomal form are indicated. The solid triangles represent primers 7 and 9 (see Materials and Methods) that together
amplify terminal regions of extrachromosomal forms of all known ICEF units. PCR with primer 16 (open triangle) in combination with primer 7
(right-facing solid triangle in integrated form) selectively amplified a product from an extrachromosomal form of ICEF-IA. (B) Amplicons derived
from genomic DNA containing extrachromosomal ICEF following agarose gel electrophoresis. Lanes: 1, PCR amplicon obtained with primers 7
and 9 with M. fermentans PG18 DNA as the template; 3 to 6, amplicons generated with primers 7 and 16 by using as the template three M.
fermentans PG18 DNA preparations purified from different cultures (lanes 3 to 5) or DNA from M. fermentans 11-29/1, which lacks ICEF units (lane
6); 2, 1-kb ladder (Promega Corporation, Madison, Wis.). The positions of the anticipated ~570-bp (primers 7 and 9) and ~330-bp (primers 7 and

16) amplicons are indicated by arrows at left and right, respectively.

constins in which, at low frequency, ICEF is excised from the
chromosome, circularized as a nonreplicative intermediate,
and transferred by conjugation into a suitable recipient. Once
in the latter host, the element is integrated into the chromo-
some. For several constins, including Tn9/6 (10), the SXT
element (31), and CTnDOT (13), the intermediate can be
detected by PCR. A similar assay was adopted to confirm that
an extrachromosomal form of ICEF was indeed present in
genomic DNA preparations from M. fermentans. Accordingly,
outwardly facing PCR primers were employed under standard
PCR conditions that would only yield an amplicon if permuted
ICEF molecules exist in which the termini are juxtaposed (tan-
demly arranged ICEF units would also provide a suitable am-
plification template, but contour-clamped homogeneous elec-
tric field mapping studies had shown that the two closest ICEF
units are separated by >30 kb). With this assay, the expected
570-bp amplicon was obtained (Fig. 5B), the sequence of which
indicated that the termini of ICEF are indeed juxtaposed and
separated by a 6-bp region that is heterogeneous in sequence.
This heterogeneity suggested that multiple elements contrib-
ute to a “pool” of extrachromosomal molecules. To specifically
amplify the extrachromosomal form of ICEF-IA, advantage
was taken of a region of sequence microheterogeneity between
type I and II elements. Substitution of a primer corresponding
to the single copy of this type I sequence resulted in the
expected 330-bp product (Fig. 5B). Within the sequence of this
amplicon, the sequence of the 6-bp spacer or coupling se-
quence between the ICEF termini could be discerned, allowing
the origin of this spacer to be traced to the 8-bp direct repeats
that flank ICEF-IA.

The ICEF terminal regions contain distinctive motifs. Sev-
eral features of the untranslated region between the terminal
ORFs in the extrachromosomal form of the element warrant

further mention. The untranslated regions at the left and right
termini and the juxtaposed termini in the extrachromosomal
form are evidently the sites of action for DNA mobility func-
tions. The region was analyzed for distinctive features that
might be candidate DNA-binding sites for such DNA-binding
proteins. One striking finding was the presence of four Sphl
restriction sites within a 250-bp section of ICEF close to the
right terminus. The recognition sequence for this endonucle-
ase (GCATGC) is relatively rare in the A+T-rich M. fermen-
tans genome and is not present elsewhere in ICEF. Further
inspection of this untranslated region revealed that the restric-
tion site is within a repeated motif with a consensus of AAA
GTGCATGC. Of the five similarly oriented copies of this
repeat, three conform perfectly to the consensus whereas two
have single-nucleotide deviations. Also of interest is the finding
that the region immediately downstream of p16 in M. pulmonis
(the homolog of terminal ORF22 in ICEF) also contains an
untranslated region with distinctive features that are shared
with the ICEF terminal region (50). Within the M. pulmonis
region, there are also four Sphl sites within an ~120-bp region.
Furthermore, each copy of ICEF and the p16-linked locus has
a rare BssHII site within the sequence GTGCGCGCA, located
200 to 250 bp downstream of the stop codon for either ORF22
or P16. The repetitive nature, location, and distinctiveness
suggest that these short sequence motifs are important com-
ponents of ICE units, possibly functioning as cognate binding
sites for the hypothesized DNA-binding proteins that mediate
ICE mobility.

ICEF is variably distributed among M. fermentans isolates.
To determine the distribution of ICEF among M. fermentans
isolates, PCR analysis was performed with primer pairs corre-
sponding to a short intergenic region 5’ to ORF1 that is con-
served between the type I and II configurations of ICEF. As a
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FIG. 6. Strain-variable distribution of ICEF among M. fermentans isolates. (A) Agarose gel electrophoresis of amplicons generated with
ICEF-specific primers 1 and 9 (see Materials and Methods) using genomic DNA templates from M. fermentans isolates SK6 (lane 3), SKS (lane
4), M70 (lane 5), M39 (lane 6), Incognitus (lane 7), MT-2 (lane 8), K7 (lane 9), and 11-29/1 (lane 10). Lane 1 contained a 1-kb ladder; lane 2
contained a negative control (water as the template). The location of the anticipated 420-bp amplicon is indicated by an arrow. (B) Amplicons
generated with malp-specific primers 10 and 11 (see Materials and Methods) using the same M. fermentans DNA templates as in panel A. Lanes
1 and 10 contained a molecular size ladder and a negative control reaction mixture, respectively. Lanes 2 to 9 correspond to lanes 3 to 10 in panel

A. The anticipated 1.4-kb amplicon is indicated by an arrow.

positive control for the functional integrity of the genomic
template DNAs from various strains, the previously described
primers for amplification of the malp gene of M. fermentans
were used (8). As shown in Fig. 6, the malp gene was amplified
from each of the eight isolates tested, as expected on the basis
of the previously reported strain distribution of this gene. In
addition, ICEF sequences could be amplified from strains SKS,
SK6, M39B, and M70B with the ICEF-specific primers but not
from the four remaining isolates. Further PCR analysis indi-
cated that p57 sequences could also be amplified from the
isolates that yielded ICEF amplicons (data not shown). Se-
quence analysis of the population of p57 amplicons revealed
that strains M39B and M70B contained a mixture of the p57
and p57' alleles, whereas SK5 and SK6 contained only the p57’
allele similar to that in ICEF-IA of strain PG18. Further PCR
analysis demonstrated that only the type I element can be
detected in SK5 and SK6 (on the basis of the absence of ORF2
between ORF1 and ORF3) but that there is no insertion within
the lepA region of the genome (on the basis of amplification
with the primers shown in Fig. 3). Taken together, these data
demonstrate variable distribution and sites of integration of
ICEF among M. fermentans isolates, with some strains having
both type I and type II elements, others having only type I
units, and still others lacking ICEF. Interestingly, of the limited
number of strains tested, all of the ICEF-negative isolates have
been either identified as tissue culture isolates or are suspected
tissue culture contaminants, raising the intriguing possibility
that ICEF units are dispensable during multiple passages in
culture but that they may contribute to host adaptation during
M. fermentans infection of humans.

ICEF contributes to genomic plasticity and phenotypic di-
versity. One striking feature of this element (and the one that
contributed to its identification) is that ICEF constitutes ap-
proximately 8% of the M. fermentans genome. Previous studies
based on genomic analyses of M. genitalium and M. pneu-
moniae suggested that the “flexible” or “mobile” gene pool
might be less than 1% (41). The data presented here clearly
show that whereas some mycoplasma species may indeed con-
tain minimal genomes in the context of the “core” gene pool,
the flexible gene pool may show greater diversity (size varia-
tion) between species. Within a species (as in other genera),
genome size can vary significantly between isolates (40). In the
case of M. fermentans, isolates have been identified that con-
tain genomes that are estimated to be 115 kb (strain K7) or 210
kb (strain Incognitus) smaller than that of type strain PG18

(48). As both of these strains are known to lack ICEF units, the
presence or absence of ICEF repeats must contribute signifi-
cantly to the genome size variation between M. fermentans
isolates.

In other species, differences in chromosomal gene comple-
ment and organization have been identified and termed plas-
ticity zones (1). Mobile DNAs and selfish DNAs, including
those encoding restriction-modification systems, are associated
with the boundaries of these zones. Repeated sequences may
play a role in determining chromosome structure, as the pres-
ence of large repeats provides recombination substrates that
may promote gene deletion, gene duplication, and DNA in-
version. It will be of interest to determine whether ICEF has
been involved in such large-scale rearrangements. From com-
parative analysis of mycoplasma genomes, one general emerg-
ing feature is the lack of conservation of gene order, even
within regions encoding housekeeping genes. It is tempting to
speculate that insertion of ICE-related elements into genomes
that are undergoing reductive evolution can reduce the recom-
binational linkage of gene clusters by increasing the distance
between genes.

In addition to contributing to genetic diversity, ICEF may
contribute to surface diversity between M. fermentans isolates.
ICEF encodes multiple proteins that are predicted to be sur-
face localized on the basis of the presence of putative trans-
membrane domains and signal peptides. Among these is a
single lipoprotein that has previously been shown to be ex-
pressed and membrane associated. Since the function of this
lipoprotein is unknown, it is not clear whether it plays a role in
the proposed mobility of the element or whether it has a direct
role in interactions between M. fermentans and the human
host. The same pertains to other surface proteins encoded by
genes resident within ICEF. Inadvertently, ICEF and other
mobile DNAs may also bring about mutation by direct inacti-
vation of genes encoding surface proteins. We note that ICEF-
ITA is inserted into the coding sequence for a putative ATP-
binding cassette of an ABC transporter. Although this gene
product is not predicted to be expressed on the surface, the
downstream reading frame, ORF700, contains a putative signal
peptide and is probably transcriptionally linked to the up-
stream transporter gene.

ICE-like elements in LGT in mycoplasmas? Understanding
the potential for inter- or intraspecies exchange is clearly im-
portant in the context of bacteria like mycoplasmas that co-
occupy host niches for extended periods during chronic infec-
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tion. The lack of a rigid cell wall might facilitate close
interaction between mycoplasmas and promote genetic ex-
change. The presence of short regions of homology between
ICEF ORF1 and the short sequence contigs from a genome
sequence survey of M. capricolum has led to the identification
of an analogous ICE unit in this caprine host that, although
incompletely characterized, has features in common with the
ICEF prototype (M. J. Calcutt and K. S. Wise, 13th Int. Congr.
Int. Org. Mycoplasmol., abstr. 41, 2000), strengthening the
likelihood that related elements are more widespread in nature
than is presently appreciated. Data derived from an ongoing
genome sequencing project supports this notion, as fra genes
related to those in ICEF have been identified in Spiroplasma
citri (F. Laigret, P. Carle, N. Carrére, M. Garnier, and J.-M.
Bové, 13th Int. Congr. Int. Org. Mycoplasmol., abstr. 48, 2000).
As the complete sequences of this and other mycoplasma ge-
nomes become available, it will be of interest to ascertain
whether these loci are associated with ICE-like units. The
finding of Tra homologs in S. citri is intriguing, as the transfer
of chromosomal resistance markers via a DNase I-insensitive
mechanism in this species has been reported (4). The pathway
and/or vector involved in this genetic exchange are not known,
although conjugation or direct fusion was proposed. Whether
ICE-related sequences play a role in marker exchange, perhaps
by encoding components of a specific conjugal apparatus or by
promoting transfer of nearby chromosomal markers, is impor-
tant to determine.

tra genes are not ubiquitous among mycoplasmas, as the
complete genome sequences of M. genitalium (19), M. pneu-
moniae (28), and Ureaplasma urealyticum (21) lack identifiable
tra-like genes. The complete data set of one M. pulmonis iso-
late contains a traE homolog and pl6-related sequences, al-
though neither was present within a larger genetic unit. The
relationship of these genes to each other and to the recently
reported demonstration (55) of gene transfer among certain
M. pulmonis isolates is not known.

In the absence of a transformation system for M. fermentans,
it has not been possible to directly demonstrate ICEF integra-
tion or to show transfer of ICEF between isolates. Further-
more, the codon usage of mycoplasmas precludes the facile use
of E. coli as a surrogate recipient for studies of integration
functions. Our finding that ICE-related sequences exist in
other mycoplasma species, including some that are genetically
tractable, is therefore important not only in surveying the dis-
tribution and organization of ICE-related sequences but also
in determining the possible contribution of ICE units to LGT,
as well as to host adaptation and pathogenesis of the myco-
plasmas in which they reside.
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