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A novel amplifiable genomic region that displays variability in the number of tandem copies of a 1,368-bp
DNA sequence (designated RS-2) was discovered among individual clonal derivatives within Mycoplasma
hyorhinis broth-grown cell populations. Clonal isolates representing variant subpopulations from the original
broth culture were of a single size variant, and although continued culture under a variety of growth conditions
did not result in further amplification of RS-2, evidence for deletion events which reduced RS-2 copy number,
presumably by homologous recombination, was obtained. RS-2 homologous sequences were identified in all M.
hyorhinis strains tested, but only the tissue culture-derived strains GDL-1 and GDL-2 showed variability in
genomic dosage. The RS-2 nucleotide sequence established that each tandem copy is flanked by direct repeats
of a 20-bp sequence and suggested a possible mechanism for its original duplication as the initial phase of a
genetic amplification process. The coding strand was defined by PCR amplification of a reverse transcriptase-
generated cDNA, and its sequence revealed that RS-2 encodes a 456-residue internal, highly cysteine-rich
domain of a larger M. hyorhinis protein whose coding sequence initiates and terminates in unique genomic
sequences several hundred base pairs from RS-2 on either side of it. Changes in RS-2 copy number maintain
the reading frame, and therefore the coding capacity, for this predicted size-variant protein.

Mycoplasmas are a diverse group of nearly 100 bacterial
species that were suggested to have evolved monophyletically
at a high rate (17, 35, 37) from the low-G+C-content gram-
positive eubacterial phylogenetic branch (25). Their rapid
evolutionary tempo reflects a high basal-level mutation rate
(35, 37) and in several species may include a considerable
frequency of more substantial genomic variabilities and rear-
rangements. Diversification among the mycoplasmas is appar-
ent in various morphological, biochemical, and serological
characteristics of the organisms (11), with individual strains
within several mycoplasma species displaying significant geno-
typic, phenotypic, and antigenic variability. In Mycoplasma
hyorhinis, recently isolated gene sequences (10, 29, 38) have
identified important genetic structures expected to be signifi-
cant factors in generating such diversity. For example, repeti-
tion of mobile genetic elements, such as insertion sequences
and transposons, distributed throughout the genome, provides
a fertile source of DNA homologies for recombinational
genomic reordering (21). Although mycoplasmas have charac-
teristically small genomes (24), several species, including M.
hyorhinis (29), M. hyopneumoniae (10), M. fermentans (13), and
M. pulmonis (3), contain multiple genomic copies of an inser-
tion sequence related to IS3. It has not been established that
interactions among such repetitive sequences are directly
related to the high-frequency phenotypic variability within
these species. However, their high copy number is likely to
result in measurable recombinational variations, some of
which might dictate cell survival under changing population
pressures, and furthermore provides an attractive substrate for
recombinational deletion of large genetic regions during the
proposed (36) evolution of mycoplasmas by genetic attrition
from their gram-positive progenitors.
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Another example of genetic plasticity is associated with the
high-frequency antigenic variation in several strains of M
hyorhinis that results from size and epitope heterogeneity of
surface-exposed lipoproteins (26, 38). Examination of the
repertoire of variable lipoprotein (vlp) genes from these strains
revealed mosaic genetic structures that represent recombina-
torial antigenic diversity-generating mechanisms.

This report describes a novel genetic variability discovered
within a batch culture population of M hyorhinis GDL-1.
Variations in the copy number of a 1.4-kb DNA sequence were
identified among individual isolates from the population. The
characteristics of the sequence suggest that the variants were
generated by recombination processes that resemble charac-
terized prokaryotic gene amplification and reciprocal reduc-
tion events. Data are also presented to suggest that the
amplifiable sequence encodes a large, internal polypeptide
domain of a larger but size-variant protein. The high concen-
tration of cysteine residues within this domain suggest multiple
metal-binding motifs that are probably significant for the as yet
unknown biological properties associated with these large
proteins.

MATERIALS AND METHODS

Strains and culture conditions. The sources and culture
conditions for M hyorhinis GDL-1, GDL-2 (ATCC 23839),
BTS-7 (M718-002-084), SK76, and PG29 have been described
previously (5, 31, 34). Escherichia coli strains HB101 (4),
JM101 (18), and DH5at (BRL Life Technologies, Inc., Gaith-
ersburg, Md.) were grown with shaking at 37°C (unless other-
wise noted) in Luria-Bertani medium (19). Recombinant plas-
mids in E. coli host strains were selected for by growth in
Luria-Bertani medium supplemented with 50 ,ug of ampicillin
per ml.

Isolation of nucleic acids and construction of recombinant
plasmids. Basic molecular methods including plasmid isola-
tion, ligation, transformation, end labeling, and DNA extrac-
tion from agarose gels were performed by procedures de-
scribed by Sambrook et al. (27). Mycoplasma EcoRI genomic
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FIG. 1. Plasmid subclones containing the M. hyorhinis size-variant
EcoRI fragment. Restriction endonuclease cleavage maps are given for
the recombinant plasmids pG1020, pG1007, and pG1021 carrying
size-variant EcoRI fragments from a recombinant phage library (30).
The expanded areas of the last two plasmids depict the organization of
the amplified DNA fragments. The positions of an IS-like element
RS-1 and the vector sequences are shown for pG1020. The designation
H3 represents HindIII sites, and H1 represents a HpaI site. Other
cleavage sites are designated by the appropriate restriction endonu-
clease. Sizes of DNA fragments are given in kilobases.

fragments from a library of recombinant phages (30) were
subcloned into plasmid pGEM3Z (Promega, Madison, Wis.)
to create recombinant plasmids pG1007, pG1020, and pG1021
(Fig. 1). The 1.0-, 0.2-, and 0.15-kb HindIII fragments from
pG1020 were subcloned into pGEM3Z to create recombinants
pG1020-1, pG1020-2, and pG1020-3, respectively. A 1.2-kb
EcoRV-EcoRI fragment from pG1020 was subcloned into
SmaI-EcoRI-digested pGEM3Z to generate pG1020-4.
DNA hybridization. Southern DNA transfers from agarose

gels onto nitrocellulose filters were performed with a Vacublot
apparatus (American Bionetics, Emeryville, Calif.) as specified
by the manufacturer. Specific DNA probes, as either whole
plasmids or isolated fragments, were labeled with [a-32P]dATP
(800 Ci/mmol; Dupont NEN Research Products, Boston,
Mass.) by random oligonucleotide priming and extension with
Klenow fragment (27). Probes were used at a specific activity of
106 cpm/ml of hybridization buffer. Hybridizations were per-
formed as previously described (29) with a final wash strin-
gency of 0.1X SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) at 680C.

Nucleotide sequence analysis. Double-stranded plasmid
templates were isolated by the alkali lysis method (27) and
purified by precipitation with 6.5% polyethylene glycol-0.8 M
NaCl. Dideoxy sequencing reactions (28) were carried out by
using modified bacteriophage T7 DNA polymerase (Seque-
nase version 2.0; United States Biochemical Corp., Cleveland,
Ohio) with the reagents in the accompanying kit and [a-32P]
dATP. Oligonucleotide primers were produced at the Univer-
sity of Missouri DNA Core Facility. Sequencing reactions were
electrophoresed on 8% polyacrylamide-7 M urea gels.

Computer-assisted analysis of nucleotide and protein se-

quence data was performed with the Microgenie sequence
analysis program (23) distributed by Beckman Instruments,
Palo Alto, Calif. DNA and protein homology searches used the

FASTP and FASTA programs (15) with University of Wiscon-
sin Genetics Computer Group software (8) to search the
EMBL/GenBank Genetic Sequence and Swiss Prot databases.

Isolation of RNA. A log-phase M. hyorhinis GDL-1 culture
was subcultured 1:2 in 500 ml of Hayflick's medium and grown
for 24 h. Cells were harvested by centrifugation, washed once
in 20 ml of phosphate-buffered saline, resuspended in 10 ml of
20 mM sodium acetate (pH 5.5)-0.5% sodium dodecyl sul-
fate-1 mM EDTA, and immediately subjected to two rounds
of hot-phenol extraction. The aqueous phase was then ex-
tracted once with phenol-chloroform (1:1) and then with
chloroform until a clear interface was obtained. RNA was
precipitated by addition of 3 volumes of absolute ethanol and
stored at -70'C until use.

Detection of RS-2 transcription by RT-PCR. M. hyorhinis
GDL-1 RNA was first reverse transcribed into cDNA and then
amplified by PCR. The procedure was modified from several
methods (12, 20, 32). RNA was treated with 0.5 U of RNase-
free DNase per Rag, extracted with phenol-chloroform, and
precipitated with ethanol to remove any contaminating DNA.
Primers used in reverse transcription were RT-1 (5'-GTG
TACrITCT1CAACAAGTGG-3'), a 21-bp sequence antisense
to nucleotides 2127 to 2107 of the strand shown in Fig. 4, and
RT-2 (5'-GGAATGTCATGAATGC-3'), a 16-bp sequence
from nucleotides 1785 to 1800 of the strand shown in Fig. 4.
Reactions were carried out at 420C for 1 h with 10 to 20 ,ug of
RNA in a total volume of 100 RI containing 2 U of avian
myeloblastosis virus reverse transcriptase (RT) and 1X RT
buffer (50 mM Tris-HCl [pH 8.0], 5 mM MgCl2, 5 mM
dithiothreitol, 50 mM KCl, 40 ,uM each deoxynucleoside
triphosphate). The cDNA products were then amplified by 40
or 50 cycles of PCR. TaqI DNA polymerase was added after
the initial denaturation to preserve its activity. Primers used for
the RT-1 cDNA product (5'-CCCCTTCIAATGTTGC-3' and
5'-GAGTTCT1'AGATTCCC-3') are located inside the RS-2
repeated domain and are separated by 340 bp. Primers for the
RT-2 cDNA (5'-CAACAAlTlTCTCITACATC-3' and 5'-GG
AATGTGATGAATGC-3') should yield a 260-bp product.

Nucleotide sequence accession number. The sequences de-
scribed here have been assigned GenBank/EMBL accession
number L11447.

RESULTS

Identification and characterization of RS-2. Studies of the
genomic distribution of individual copies of the M. hyorhinis
insertion sequence RS-1 led to the discovery of a size-variant
EcoRI fragment reflecting a unique restriction fragment length
polymorphism among subpopulations of the broth-grown cul-
ture represented in this particular genomic library (30). Phys-
ical mapping experiments indicated that the size heterogeneity
within this particular EcoRI fragment was associated with the
tandem repetition of sequences including all or parts of 0.15-,
0.20-, and 1.0-kb HindIII fragments located approximately 2 kb
from the RS-1 sequence positioned on this fragment (Fig. 1).
Three plasmid clones (pG1020, pG1007, and pG1021) carrying
12.3-, 13.65-, and 15.0-kb variants, respectively, of this EcoRI
fragment were used for detailed molecular analysis. The
directly repeating arrangement of this 1.35-kb RS-2 region
suggested that it might have arisen from reciprocal recombi-
national amplification and reduction events, which could occur
in the M. hyorhinis genome in response to uncharacterized
selective pressure or may have been generated upon introduc-
tion into E. coli. Therefore, the structural organization of this
genomic region within the M hyorhinis chromosome was
investigated by hybridization of EcoRI-digested chromosomal
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FIG. 2. Restriction fragment size variation associated with RS-2
among M. hyorhinis isolates. The restriction map of the pG1020
mycoplasma EcoRI fragment is depicted at the top (E, EcoRI; EV,
EcoRV; H, HindIII; B, BglII). Probes for Southern hybridization are
the 1.2-kb EcoRI-EcoRV fragment (left panel) and a 1.8-kb XbaI-
HindIII probe (right panel) containing a copy of RS-1 from a
previously characterized recombinant plasmid pJ125 (10). Lanes 1 to 6
and 8 to 11 represent chromosomal DNA from individual colony
isolates of M. hyorhinis GDL-1, and lanes GDL and SK76 are from
batch-passaged cultures of strains GDL-1 and SK76, respectively. The
migration of X HindIII size markers is designated in kilobases between
the panels.

DNA isolated from a continually passaged broth culture of M.
hyorhinis GDL-1 with either a 1.2-kb EcoRI-EcoRV fragment
(from one end of the 12.3-kb EcoRI fragment from pG1020) or
an RS-1 specific probe (Fig. 2, lanes GDL). The former probe
(left panel) hybridized intensely to EcoRI fragments equiva-
lent in size to those characterized for pG1020 and pG1021, and
upon further exposure, a fragment similar in size to that of
pG1007 was also identified (data not shown), suggesting that
all three variant forms of this genomic region were present in
this cell population. Identical results were obtained with the
1.0-kb HindIII probe from within RS-2 (data not shown). The
RS-1 probe (right panel) identified multiple EcoRI fragments,
including two equivalent to those of pG1020 and pG1021.
Chromosomal DNAs from individually selected colonies

isolated on agar plates from the original broth culture were
shown to contain only one form of this variant genomic region
when probed with the 1.2-kb EcoRI-EcoRV fragment (Fig. 2,
lanes 1 to 6 and 8 to 11, left panel). These fragments were also
clearly discernible among the multiple fragments detected with
the RS-1 probe (right panel). A very limited survey of clonal
populations derived from any one of the isolates containing the
smaller, G1020-sized fragment did not reveal significant sub-
sequent variations that might be generated from amplification
in RS-2 copy number within these fragments (data not shown).
Continued subculture of populations harboring the larger,
G1021-sized fragment did, however, give rise to the low-
frequency appearance of the smaller forms, presumably as a
result of reduction in RS-2 copy number by simple deletion
between homologous sequences.

Other strains ofM. hyorhinis also contained sequences which
hybridized to the RS-2-specific probe. The porcine-derived
strain SK76 showed only a single stringently detectable EcoRI
fragment slightly smaller than that from pG1020 (Fig. 2, lanes
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FIG. 3. Hybridization to RS-2 sequences from M. hyorhinis strains.
Chromosomal DNA from batch cultures of M. hyorhinis GDL-1 (lane
1), GDL-2 (lane 2), SK76 (lane 3), and PG29 (lane 4) was digested
with NheI, and the resulting fragments were separated on a 1%
agarose gel. The gel was vacuum blotted onto nitrocellulose, which was
dried and hybridized with the 1.0-kb HindIII probe containing only
RS-2 sequences (Fig. 1). The migration of X HindIII size markers is
shown on the left.

SK76). Other porcine derivatives, PG29 and BTS-7, gave
similar results (data not shown). However, a broth culture of
strain GDL-2, a continuously passaged tissue culture derivative
(5), showed multiple hybridizing fragments very similar to
those of GDL-1 and indicative of variations in the RS-2 copy
number within individual subpopulations from this culture.
Chromosomal DNAs from batch culture GDL-1 and GDL-2
populations, digested with NheI, which cleaves in unique
sequences on either side of (but not within) RS-2, show
multiple size-variant fragments containing RS-2 (Fig. 3). The
SK76 and PG29 chromosomes, on the other hand, harbor a
1.4-kb-smaller RS-2-containing NheI fragment, which by size
calculations contains only one copy of RS-2. No sequences
hybridizing to RS-2 under stringent conditions were detected
in several other mycoplasma species tested, including M. bovis,
M. fiocculare, M. hyopneumoniae, and M. fennentans.

Nucleotide sequence and key features of RS-2. The struc-
tural details of the size-variant RS-2 region were deduced from
nucleotide sequence analysis of a contiguous 3,968-bp segment
from the central region of pG1020 (Fig. 4). The strand
depicted is that shown to be transcribed (see below). This
analysis revealed two directly repeated sequences of 1,348 bp
separated by a 20-bp "cassette" sequence that is also found
flanking either side of these two copies of RS-2 (Fig. 4 and 5A).
This configuration is analogous to that identified for recombi-
national gene amplification or reduction phenomena in other
organisms (6, 9, 16) and suggests that the 20-bp cassettes
represent the sites at which an initial recombinational dupli-
cation takes place. This predicted amplification or reduction
mechanism is further supported by the analysis of RS-2
sequence organization in pG1007 (Fig. 5B) and pG1021 (Fig.
SC), deduced by restriction mapping and quantitation of
restriction fragment copy number and confirmed by nucleotide
sequence analysis. There are three tandemly repeated identical
copies of RS-2 in pG1007 and four in pG1021, each separated
by individual copies of the cassette sequence and with single
copies at either boundary of the RS-2-amplified region.
The sequences of the three 20-bp cassettes from pG1020 are

also shown in Fig. SA; all three sequences are characterized by

VOL. 176, 1994

ECG1020) IL
II

II
I1.

I

I



5932 DENG AND McINTOSH

TGTATAGGAACATTGTAGTCAACACGCACTAAAACTTTTTTATCTTTTAAATCTAAGTCATCAATACTTTTTTTGTTTAA 80
AAAACTTTGCATTGTGTTTCAATTCTCCTTTAATTTTTCAATTTTGTAATTATATATTAGAAGAAAAGAAAAAATATAAT 160
TTTTCTTATAAAATAATTAATATT TTGAATTTCCTTCTTTTTTAATTGTTTTGTACTCTTTTTAATAAAAAGAACAA 240
ACAAAAGAAGAAAAATAAAGAAAATATAAAGAAAAATAAATAATTTTTTTGCTTTTTTCTTTATAAATTTCCTATAAAAT 320

SD P3 START
ATGCTTAATAACTTATTGTAAGCTATTATTTAGTTTTAAACAAACAGGAGAACAC BTATTAAAATTTTATTGTACTA 400

M I L K F Y C T (8)
TTATCTGTGCTAAAGAAACCTCACAAAGCAGTGAACCTAAGTGTACCTATAGATTAAGGTACGCAAAAAAAGTTCACGGT 480
I I C A K E T S Q S S E P K C T Y R L R Y A K K V H G (35)
ATTTATGATAATTTTCATGATATTGTAGTTGCTATTAACTCGTTAAATGCTCCAGCAAGGTTATGGGTTAGAGAGGATAA 560
I Y D N F H D I V V A I N S L N A P A R L W V R E D N (62)

TAACTTTAGAAGAGTTCTTAGATTCCCATTAAATGTAAATAAACTAACTACTGAACAAAGATTAGAGTTTTACAATGATG 640
N F R R V L R F P L N V N K L T T E Q R L E F Y N D (88)

TTTTTTCTGATAGGAAGGAATTATCAAACTCTGTAGAATTAGCTGAAGAACAATTTCAAGAATTAGCTGAAAAAAACAAA 720
V F S D R K E L S N S V E L A E E Q F Q E L A E K N K (115)
GAAAGAACTTTAGAGCTAGCTAAAATTGATTCTTTAGAAAAAA TCAAGAACTACAAGAAGAT CAGAATCAATTATTTC 800
E R T L E L A K I D S L E K I Q E L Q E D T E S I i s (142)

CACTACAGAAGAAGAACCACAAGAAGAACATGATCAAGAATGTGAAATTTGTAGATTAGCTTCATCAAAACCAGTTGAAG 880
T T E E E P Q E E H D Q E C E I C R L A S S K P V E (168)

CAACATTAGAAGGGGAAGTTGTTGAAGAGCAAACTGTATCGGAAGAACCAGTCGTATTAAAAGAAGAAACTGTTGAAAAA 960
A T L E G E V V E E Q T V S E E P V V L K E E T V E K (195)
ATAGTAAGCAACAAAGAATGTTTAAGCTGCAAACTACTTGATGAAGAAGTTATTAGTACTGATGTGTGCCAAGGTTGTGC 1040
I V S N K E C L S C K L L D E E V I S T D V C Q G C A (222)

TAATAGCAAAAATGTATGTGATCTATGCGAGAGTTGTAATGGCCAATGCAATGAACAACAAATTTATGTTAAAGAACCTG 1120
N S K N V C D L C E S C N G Q C N E Q Q I Y V K E P (248)

TTCAAGAAGAATTATTTGAAGAACAAGCAACTTTTGAGCAACCAATAGAGCTAACAGATTTAGAAGATGACCATTTTGAA 1200
V Q E E L F E E Q A T F E Q P I E L T D L E D D H F E (275)
ACAGTTCATTTAGAAGAAGAAGTTTGTTTAGCATGTCAACACGTTGCAACTTGTGATATTTGTAAAAATCTAGAACACAG 1280
T V H L E E E V C L A C Q H V A T C D I C K N L E H S (302)
TGAAATTCTTTACAGACTCAAAAATGGACAAGTTGTTAATTTATTAGAAACCGAATTAGAAACCGAAGAACTTCATTATG 1360

E I L Y R L K N G Q V V N L L E T E L E T E E L H Y (328)
CAGATTCACCAGTTCAAGAAGGAAAAGAACCTTGTGGATGTTCATTAAAAGAAACTGAAGAAAGCTGTGATTGTGAAGCT 1440
A D S P V Q E G K E P C G C S L K E T E E S C D C E A (355)
TGCAAATGTCAAGAATGTGAAGAAAACTGTAGTTGTTCAGAGTTAACTTGTGGATGCCAAGAAGCAACCTGTAGTTGTGC 1520
C K C Q E C E E N C S C S E L T C G C Q E A T C S C A (382)
CCAAGAGCATTGCGGATGTCAAGAAGAGTCTTGTGCATGTCCTAATACAACTTGTGCTTGTACTGAAGAACACTGTGAAT 1600

Q E H C G C Q E E S C A C P N T T C A C T E E H C E (408)
GCACTGAATCAACTTGTGGTTGTGAAAACGAACCTTGTGAATGTGAAGAAGAAGCTTGTGATTGTTCAGAAGAACACTGT 1680
C T E S T C G C E N E P C E C E E E A C D C S E E H C (435)
GAATGTGTTGACGAAACCCAAGCGTGTTTAGATTGCAATACACAAGCTGACACAAAAGTTTGTGGATGTACACAAGAACA 1760
E C V D E T Q A C L D C N T Q A D T K V C G C T Q E Q (462)

ACATCCAACTTGTGAAGAATGCAAGGAATGTGATGAATGCAAACAATGTAAAGCTTGTTTAGTACAAACTCAAGAATGTG 1840
H P T C E E C K E C D E C K Q C K A C L V Q T Q E C (488)

AAGAATGCAAAATACCAACAGTACACGATGATGAAGAAATTCACTGTGAACTTTGTGAATTAGAAAATACAGAAGTTGAA 1920
E E C K I P T V H D D E E I H C E L C E L E N T E V E (515)
GACTTAGAACCAAGATTATTTGAAGACTTTGAAAACGAACAAGTTGAATACATTGAAATTCAACACATAGAAGATCAAGC 2000
D L E P R L F E D F E N E Q V E Y I E I Q H I E D Q A (542)

ATACAATTCATGATGTCATGATGAATGATGTAGAGAAATTGTTGAAAAAGCACAAGAGCCAGAACACACATTAAGTTGCG 2080
Y N S C H D E C R E I V E K A Q E P E H T L S C (568)

ATTGTGATTTTGATTACAGTACAAATCCACTTGTTGAAGAAGTACACTCAG TCAAGAACTACAAGAAGAT CAGAATCA 2160
D C D F D Y S T N P L V E E V H S V Q E L Q E D T E S (595)
ATTATTTCCACTACAGAAGAAGAACCACAAGAAGAACAPGATCAAGAATGTGAAATTTGTAGATTAGCTTCATCAAAACC 2240
I I S T T E E E P Q E E H D Q E C E I C R L A S S K P (622)

AGTTGAAGCAACATTAGAAGGGGAAGTTGTTGAAGAGCAAACTGTATCGGAAGAACCAGTCGTATTAAAAGAAGAAACTG 2320
V E A T L E G E V V E E Q T V S E E P V V L K E E T (648)

TTGAAAAAATAGTAAGCAACAAAGAATGTTTAAGCTGCAAACTACTTGATGAAGAAGTTATTAGTACTGATGTGTGCCAA 2400
V E K I V S N K E C L S C K L L D E E V I S T D V C Q (675)
GGTTGTGCTAATAGCAAAAATGTATGTGATCTATGCGAGAGTTGTAATGGCCAATGCAATGAACAACAAATTTATGTTAA 2480
G C A N S K N V C D L C E S C N G Q C N E Q Q I Y V K (702)

AGAACCTGTTCAAGAAGAATTATTTGAAGAACAAGCAACTTTTGAGCAACCAATAGAGCTAACAGATTTAGAAGATGACC 2560
E P V Q E E L F E E Q A T F E Q P I E L T D L E D D (728)

ATTTTGAAACAGTTCATTTAGAAGAAGAAGTTTGTTTAGCATGTCAACACGTTGCAACTTGTGATATTTGTAAAAATCTA 2640

H F E T V H L E E E V C L A C Q H V A T C D I C K N L (755)

J. BACTERIOL.
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GAACACAGTGAAATTCTTTACAGACTCAAAAATGGACAAGTTGTTAATTTATTAGAAACCGAATTAGAAACCGAAGAACT
E H S E I L Y R L K N G Q V V N L L E T E L E T E E L
TCATTATGCAGATTCACCAGTTCAAGAAGGAAAAGAACCTTGTGGATGTTCATTAAAAGAAACTGAAGAAAGCTGTGATT

H Y A D S P V Q E G K E P C G C S L K E T E E S C D
GTGAAGCTTGCAAATGTCAAGAATGTGAAGAAAACTGTAGTTGTTCAGAGTTAACTTGTGGATGCCAAGAAGCAACCTGT
C E A C K C Q E C E E N C S C S E L T C G C Q E A T C
AGTTGTGCCCAAGAGCATTGCGGATGTCAAGAAGAGTCTTGTGCATGTCCTAATACAACTTGTGCTTGTACTGAAGAACA
S C A Q E H C G C Q E E S C A C P N T T C A C T E E H

CTGTGAATGCACTGAATCAACTTGTGGTTGTGAAAACGAACCTTGTGAATGTGAAGAAGAAGCTTGTGATTGTTCAGAAG
C E C T E S T C G C E N E P C E C E E E A C D C S E

AACACTGTGAATGTGTTGACGAAACCCAAGCGTGTTTAGATTGCAATACACAAGCTGACACAAAAGTTTGTGGATGTACA
E H C E C V D E T Q A C L D C N T Q A D T K V C G C T
CAAGAACAACATCCAACTTGTGAAGAATGCAAGGAATGTGATGAATGCAAACAATGTAAAGCTTGTTTAGTACAAACTCA
Q E Q H P T C E E C K E C D E C K Q C K A C L V Q T Q

AGAATGTGAAGAATGCAAAATACCAACAGTACACGATGATGAAGAAATTCACTGTGAACTTTGTGAATTAGAAAATACAG
E C E E C K I P T V H D D E E I H C E L C E L E N T

AAGTTGAAGACTTAGAACCAAGATTATTTGAAGACTTTGAAAACGAACAAGTTGAATACATTGAAATTCAACACATAGAA
E V E D L E P R L F E D F E N E Q V E Y I E I Q H I E
GATCAAGCATACAATTCATGATGTCATGATGAATGATGTAGAGAAATTGTTGAAAAAGCACAAGAGCCAGAACACACATT
D Q A Y N S Q C H D E ® C R E I V E K A Q E P E H T L

AAGTTGCGATTGTGATTTTGATTACAGTACAAATCCACTTGTTGAAGAAGTACACTCAG TCAAGAACTAGAAGAACAAG
S C D C D F D Y S T N P L V E E V H S V Q E L E E Q

AAGAT TACATGTTCACAAATTAGTAGAAAATGAAGGACAAGCAGAAGTTTCTATTGAAACTGAAACACCAGATAGAGTT
E D L H V H K L V E N E G Q A E V S I E T E T P D R V
CCATTTACTTCAGTAACTTATCCTGTGGGTGGACATTTAGATCATTCTAAACTACAAGAAGGTGGATGCCCAACTTGTGG
P F T S V T Y P V G G H L D H S K L Q E G G C P T C G

ATTTGGAAACTTATTCTCAGTATCTAATGAACAGCTAGCAGCTGAAGTTCAAAGAAGAAATTTACCAATGGTTCTTGATC
F G N L F S V S N E Q L A A E V Q R R N L P M V L D

CTGAAGCAGCTCAATCATATTCAAGTTTTGTTGTTTCAAAAGTGGATTCTGAACAAGAATACAAAGTTAGTTGATGAACA
P E A A Q S Y S S F V V S K V D S E Q E Y K V S QQ T
AACAAAAACTTAATTCTATGATTCTTAGTATGATTCTTACTAGCAGCAGTGGGGGTTATACTAGTTCTAGTATTTGTATT
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FIG. 4. Nucleotide sequence of the M. hyorhinis GDL-1 genomic region containing RS-2. A 3,986-bp segment from the central region of
pG1020 was sequenced to completion on both strands. The sequence of the strand corresponding to an identified mRNA product (see Fig. 6) is
shown 5' to 3', and the nucleotide positions are given at the right end of each sequence line. The single large P3 ORF is denoted by the single-letter
amino acid code centered under each codon, and its residue numbers are given in parentheses at the right end of each amino acid sequence line.
The putative P3 Met translational start codon (boxed), its probable ribosome-binding site (underlined and noted as SD), and the TAA stop codon
(boxed) are indicated. Eight in-frame TGA codons encoding tryptophan are circled. Multiple 20-bp cassette sequences demarcating two identical
1,348-bp RS-2 sequences are noted by long boxes; the most 3' cassette has 26 bp. Nucleotide sequence analysis from the similar regions of pG1007
and pG1021 revealed three and four identical copies of RS-2, respectively, and the corresponding increases in cassette numbers flanking these
copies. The surrounding unique sequences representing possible P3 coding sequences were also unchanged (data not shown). The circled G residue
upstream of the P3 start codon is the most likely transcriptional start site (+ 1) determined by preliminary primer extension analysis (data not
shown).

two copies of the hexanucleotide sequence 5'-CAAGAA-3'
separated by 3 nucleotides, except in the farthest downstream
copy (as shown in Fig. 4 and 5), where an extra 6 nucleotides,
5'-GAAGAA-3', are present. The 20-bp cassettes from
pG1007 and pG1021 have identical features, with the down-
stream cassette having 26 nucleotides and all upstream copies
having the identical 20 nucleotides.
RS-2 transcription. To determine which RS-2 DNA strand

is transcribed in mycoplasmas, we attempted to detect mRNA
products from either strand as a potential coding template. It
occurred to us that since RS-2 amplification might be induced
by some yet unknown growth factor(s), which might also
induce RS-2 transcription, it could be difficult to detect tran-
scription products until the factor is identified. Attempts to
identify the mRNAs from either strand by standard Northern
(RNA) hybridization failed to detect any signal, perhaps
because of low levels of transcription under standard broth
culture conditions and in the absence of any known induction
signals. Subsequently, PCR amplification was performed fol-
lowing an RT reaction with specific primers for either strand.

This method allows any cDNA synthesized during the RT
reaction to be amplified by PCR when additional correspond-
ing primers for either template are added. Under identical
conditions with aliquots of the same mycoplasma RNA prep-
arations, only the reaction with the RT-1 primer (specific to
the strand shown in Fig. 4) produced a cDNA that could be
amplified. With 40 cycles of PCR amplification of the cDNA
products, followed by agarose gel electrophoresis, a specific
band at the predicted size (340 bp) was observed in only that
reaction, whereas no product was produced in the control
reaction without RT (Fig. 6), confirming that this product did
not result from contamination of the RNA samples with
chromosomal DNA. The expected 340-bp product strongly
hybridizes with an RS-2-specific probe (data not shown). No
products were observed with the RT-2 and PCR primers
specific for the other strand. These results strongly suggested
that the only transcript in M. hyorhinis from the RS-2 genetic
region, although at a relatively low level under the growth
conditions used in this experiment, is the strand shown in Fig.
4.
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FIG. 5. Schematic representation of structural features (deduced from nucleotide sequences) of the RS-2 regions of strain GDL-1 size-variant
populations. Restriction maps for the size-variant subclones are depicted. H3, HindIII; DI, DraI. The dotted line below each map represents the
extent of the 1,348-bp RS-2 sequences; and _, represent 20- and 26-bp cassette sequences, respectively, at junctions between RS-2 copies
and between RS-2 and the flanking genomic sequences. The sequences of these cassettes are expanded below the corresponding boxes in panel
A. The larger hatched arrows above each map designate the direction and extent of the coding sequence for P3, with the solid and open regions
signifying unique coding sequences at the 5' and 3' ends, respectively, and the stippled regions signifying RS-2-encoded redundant sequences. The
small white arrows under each map designate the direction and extent of overlapping P1 and P2 ORFs deduced from the DNA sequence of the
complementary strand to encode potential polypeptides of 20 and 18 kDa, respectively. Evidence including the lack of a detectable transcript, poor
translation signals, and no significant homologies to database proteins suggests that they are not produced in mycoplasmas.

Protein-coding capacity of RS-2 and flanking sequences.
Computer analysis of the translational capacity for the RS-2
nucleotide sequences revealed an extensive open reading
frame (ORF) on the depicted strand (Fig. 4) that is maintained

12

FIG. 6. RS-2 transcription detected by PCR. RNA prepared from
M. hyorhinis GDL-1 was first reverse transcribed into cDNA and then
amplified by PCR. Conditions were described in Materials and Meth-
ods. Lanes: 1, P3-specific PCR products from cDNA made from M.
hyorhinis RNA with avian myeloblastosis virus RT; 2, products from a
similar reaction without RT added. The size markers (right lane) are
the 1-kb DNA ladder (BRL Life Technologies, Inc.).

in all size variants and that therefore encodes potentially
size-variant protein products, which we have arbitrarily desig-
nated P3. The P3 ORF initiates following a strong ribosome-
binding site (5'-AGGAG-3') at an AUG codon located in
unique sequences 388 bp upstream from the most 5' cassette
sequence at the boundary of RS-2. This ORF extends entirely
across the RS-2 region and is maintained in frame no matter
how many copies of RS-2 are present. It terminates with a
UAA codon located 411 bp downstream of the most 3'
cassette. Therefore, genetic amplification or reduction in RS-2
copy number, which maintains the appropriate reading frame,
results in expansion or contraction of the final product size in
multiples of an internal 456-amino-acid domain. The P3
product from pG1020 contains 1,187 residues with a calculated
molecular weight of 134,938; the pG1007 product is 1,643
amino acids in length with a molecular weight of 186,544; and
the predicted pG1021 P3 product of 2,099 amino acids would
have a molecular weight of 238,149. If the coding sequence
contained only one copy of RS-2, as is apparent in the
porcine-derived strains SK76 and PG29, the potential P3
product would contain 731 residues with an estimated molec-
ular weight of 83,332.

Analysis of the P3 ORF for codons specifying tryptophan
(Trp) reveals two UGA codons in each copy of RS-2 and
another four UGA codons in the 3' unique sequences of P3.
However, the only Trp codon in the 5' unique sequences is
specified by the universal UGG.
The most striking feature of the 456-residue peptide speci-

fied by RS-2 is its extremely high cysteine (Cys) content of 61
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residues or 13.4% of the total. The unique domains contain
another five Cys residues, making the overall Cys content
around 12%.

DISCUSSION

This study describes the identification and sequence of a
novel region of the M. hyorhinis GDL-1 genome that contains
up to four tandem copies of the 1.4-kb RS-2 DNA sequence.
Evidence is presented to suggest that the copy number of RS-2
varies among individual isolates of a GDL-1 cell population
and may be influenced by undetermined cell culture condi-
tions. The variable region was defined as a 1,368-bp sequence
that is absolutely conserved in all tandem copies examined.
The repeated sequence is open for translation in one reading
frame along its entire length no matter how many copies; it is
therefore predicted to encode a 456-amino-acid internal cys-
teine-rich domain of a large but size-variable mycoplasma
protein, which has translational initiation and termination
signals located in unique sequences flanking the RS-2 element.
In addition, the 5'-terminal 20 nucleotides of RS-2 are re-
peated once again at the distal 3' end of the entire variable
region, although always with an additional, centrally located 6
nucleotides. The overall structure of RS-2, therefore, which is
made up of tandem repetitions of a 1,348-bp sequence flanked
by short, directly repeating sequences (in this case, 20-bp
cassettes), is similar to previously characterized examples of
prokaryotic and eukaryotic genes capable of reciprocal ampli-
fication and reduction events affecting their ultimate copy
number; these alterations usually become apparent in response
to the presence or absence of selective growth pressures in cell
populations (9, 16, 22, 33). Such events in this case, however,
are predicted to alter the size of the mycoplasma P3 protein by
changing the copy number of a large internal coding domain.

In the several examples of prokaryotic gene amplification
investigated in some molecular detail (9, 22, 33), it has been
suggested that these events occur in two defined phases. In the
first, a direct repeat of the sequence is generated, perhaps by
molecular processes such as transposition or illegitimate re-
combination. The second phase generates longer arrays of
directly repeated sequences, several hundred copies in some
instances, by a process that probably involves unequal recom-
bination catalyzed by RecA-like recombinases.
The finding in microbes that many, if not all, of these

amplification events occur at short, repeated sequences (9, 33)
suggests that the initial sequence duplication in the amplifica-
tion process is mediated by the short sequence repeat (33). In
the case of the RS-2 sequences, all copy number variants are
flanked by identical 20-bp cassettes, suggesting that the gener-
ation of these short duplicated sequences initiated the ampli-
fication process. Each cassette contains two direct copies of the
hexanucleotide sequence CAAGAA separated by the trimer
CTA; however, the distal cassette in each variation always
contains an additional GAAGAA sequence located between
the trimer and the downstream hexanucleotide motif. The
molecular architecture of the standard 20-bp sequence sug-
gests that the hexanucleotide motif may represent the binding
site for the recombination machinery that created the original
RS-2 duplication. Moreover, the aberrant distal cassette may
reflect a slippage or mismatch in a replicative process that
generated this particular copy of the cassette. The fact that this
aberration was found in all RS-2 variants examined in this
GDL-1 population indicates that it was involved in, or created
as a result of, the original phase I RS-2 duplication. Subse-
quent RecA-mediated phase II multiplications would not
involve this distal cassette.

At present, there is no direct evidence to define a molecular
mechanism responsible for this gene amplification event. As in
most other prokaryotic examples, these unscheduled events
occur at a low frequency in the population, providing few if any
molecular intermediates that might define the details of the
process. Mixed-cell populations of M hyorhinis GDL-1 were
shown to contain variant subpopulations with regard to the
RS-2 copy number. Clonal isolates from this population were
of a single-copy-number variant and were relatively stable
throughout multiple passages in broth. For example, the
low-copy-number variant, containing two tandem RS-2 copies,
did not give rise to higher- or lower-copy-number variants at
any detectable frequency through many tens of generations in
laboratory culture. Modification of the culture medium to
include variable concentrations of metal ions, including zinc,
copper, and thallium, was attempted to enrich for possible
amplification events since the multiplicity of cysteine-rich
metal-binding motifs in the P3 polypeptide suggested a signif-
icant metal-binding capacity. However, these modifications did
not induce or select any detectable higher-gene-dosage vari-
ants. Similar passages of the high-copy-number subclone,
containing four tandem RS-2 copies, did not generate any
detectable variants with a higher copy number; however,
Southern hybridization with whole-population chromosomal
DNA did reveal the low-frequency appearance of genomic
fragments containing two or three RS-2 copies. These presum-
ably reflect reduced-copy variants generated by RecA-directed
deletion events. The present limited survey of M hyorhinis
growth parameters therefore does not provide any substantial
clues to explain the derivation of the higher-copy-number
subpopulations in our original GDL-1 stock population, a
stock culture that has been maintained at -70'C in the
laboratory for many years. It does suggest, however, that in the
absence of whatever selective growth conditions favor higher
RS-2 copy number, continuous passage in standard broth
culture will result in a stable population of low-copy-number
derivatives.
A survey of three other M hyorhinis strains revealed a

similar variability in RS-2 copy number in a stock population of
strain GDL-2, but cultures of strains SK76 and PG29 con-
tained only a single variant equivalent to an RS-2 copy number
of one. To date, no clonal isolates of GDL-1 with only one copy
of RS-2 have been identified. From the standpoint of RS-2
variation, it might be significant that both strains GDL-1 and
GDL-2 were isolated as tissue culture contaminants and have
been maintained as high-passage type strains by reference
laboratories. Strains SK76 and PG29, on the other hand, were
isolated from infected swine (5) and have not been passaged
extensively. Since changes in RS-2 dosage may reflect previous
exposure of the strains to favorable conditions for given
subpopulations, these strain variations suggest that previous
growth conditions in association with tissue culture cell lines or
during multiple laboratory passages enriched for higher-copy-
number subpopulations. While we have not yet identified RS-2
changes in response to multiple growth cycles in standard
broth culture or upon exposure. to certain metal ions, it
remains to be tested whether alternative growth conditions or
infection of tissue culture cell lines can lead to an enrichment
of a particular variant subpopulation.

Analysis of the nucleotide sequence of RS-2 and its flanking
genomic region revealed an extensive ORF on the DNA strand
shown by RT-PCR to be expressed as an mRNA in M.
hyorhinis cells. This P3 coding region initiates and terminates
outside the RS-2 repeat sequence but is always maintained in
frame in each of the RS-2 variants examined. As a result,
changes in RS-2 dosage result in size variants of P3 containing
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multiples of an internal, highly cysteine-rich, 456-amino-acid
domain. The distribution of Cys residues within this domain
resembles classic motifs found in several characterized metal-
binding proteins. For example, the residues 202 to 221 and 488
to 507 (as depicted in Fig. 4) contain characteristic zinc-finger
motifs, -C-X2-C-X12-C-X2-C-, found in a variety of mole-
cules including many DNA-binding proteins (1, 2). The region
between residues 466 and 481 contains five tandem copies of
the motif -C-X2-C-, typical of cysteine-rich sites in metal-
binding proteins like metallothionein and rubredoxin and in
metal-containing enzymes like liver alcohol dehydrogenase (1).
The most dramatic cysteine-rich region is the 10 overlapping
copies of the motif -C-X-C-X4-C-X-C- between residues
365 and 437. This motif has been characterized in aspartate
carbamoyltransferase and ferredoxin (1), but the multiple-copy
configuration is more commonly found in structural rather
than catalytic sites of zinc ligands such as alcohol dehydroge-
nase and metallothionein. This motif is also found in cysteine-
rich domains of the integrin superfamily of eukaryotic lympho-
cyte receptors (14).
- Antibodies generated against a recombinant form of P3
purified from E. coli have identified multiple forms of the
authentic protein expressed in M. hyorhinis populations (7).
Examination of the cellular location and biochemical charac-
teristics of these polypeptides may provide some useful infor-
mation to explain not only the potentially interesting function
of this unique mycoplasma protein but also which biological
parameters might influence changes in the dosage of its
internal coding domain. Although at present the only clue to
such parameters focuses attention on the tissue culture cell
association of strains GDL-1 and GDL-2, these studies indi-
cate that all M. hyorhinis strains examined to date have
conserved the gene encoding P3 and that amplifications or
reductions in RS-2 copy number maintain its coding frame.
These observations suggest that the P3 protein plays an
important role in the biology of M hyorhinis.
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