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Selection for methotrexate resistance in Leishmania spp. is often associated with amplification of the H locus
short-chain dehydrogenase-reductase gene ptr1 as part of extrachromosomal elements. Extensive sequences are
always coamplified and often contain inverted duplications, most likely formed by the annealing of inverted
repeats present at the H locus. By gene targeting mediated by homologous recombination, several repeated
sequences were introduced in the vicinity of ptr1. Selection for methotrexate resistance in these transfectants
led to ptr1 amplification as part of small circles with direct or inverted duplications whether the integrated
sequences consisted of direct or inverted repeats. Hence, for a region to be amplified in L. tarentolae during
drug selection, a drug resistance gene is required and must be flanked by (any) homologous repeated
sequences. The distance between these repeats and their orientation will determine the length of the amplicon
and whether it contains direct or inverted duplications.

Gene amplification is a common event in Leishmania spp.
selected for drug resistance. Indeed, several loci on different
chromosomes have been amplified in Leishmania cells selected
for resistance to various drugs (reviewed in references 2 and
30). Amplicons in Leishmania spp. can be found either as
extrachromosomal circles (reviewed in references 2, 27, and
41) or as linear molecules with telomeric sequences (14, 15, 25,
34, 47). Circular and linear amplicons contain either direct
(head-to-tail) or inverted (head-to-head) repeats (3, 16, 19, 23,
29, 34, 43), two types of structures also found in extrachromo-
somal circular amplicons of tumor cells (reviewed in references
39 and 40). Despite the structural similarities between ampli-
cons of tumor cells and those of Leishmania spp. (45), the exact
mechanisms of their formation seem to differ. Amplicons are
formed at the level of homologous sequences usually ranging
from 200 to 1,200 bp in Leishmania tarentolae (14, 29), al-
though smaller homologous sequences have also been pro-
posed to be involved in amplicon formation in Leishmania spp.
(20, 21) and even other mechanisms (26), yet to be defined
precisely, may also account for amplicon formation. There is
apparently little, if any, need for homologous sequences for the
rearrangement of chromosomal sequences to yield circular am-
plicons in tumor cells (13, 40).
One locus frequently amplified in Leishmania spp. is the H

locus, a stretch of DNA of about 40 kb that is part of an 800-kb
chromosome (Fig. 1). H circles have been found in some wild-
type cells (16, 36, 46), but they were also generated de novo
from the H-locus chromosomal copy in different Leishmania
species selected for resistance to several unrelated drugs (2,
27). The H circle found in wild-type cells contained two 30-kb
inverted duplications separated by unique segments of 5 and 6
kb (16, 36, 46). To explain how such circles arise de novo from
the chromosomal copy, White et al. (46) proposed that each
genomic unique segment is flanked by inverted repeats. The

annealing of the inverted repeats during a block in replication
would serve as a primer for a polymerase to use the newly
synthesized strand as a template to generate large inverted
duplications (Fig. 1C). After ligation, the single-stranded circle
could then replicate into a double-stranded circle. The map-
ping of amplicons generated after methotrexate (MTX) selec-
tion and cloning and sequencing of the rearrangement points
were indeed in agreement with the model in which large in-
verted duplications were formed after annealing of the in-
verted repeats (29, 34). Selection for arsenite resistance also
leads to H-locus amplification (11, 14, 29), but the mapped
amplicons contained direct repeats and were generated by
homologous recombination between directly repeated se-
quences (14, 29). In addition to having differences in structure,
the regions amplified between MTX- and arsenite-selected cell
lines differed considerably in size (Fig. 1A). Indeed, regions
amplified in arsenite-resistant cell lines were always small (Fig.
1A), whereas in MTX mutants the regions amplified varied
from 40 to .100 kb (Fig. 1A, lines I to III).
The genes on the H locus implicated in resistance have been

isolated; a P-glycoprotein-related gene, pgpA (28), is involved
in arsenite resistance (6, 31), and a short-chain dehydrogenase-
reductase gene, ptr1, confers MTX resistance (7, 32, 33) by
reducing pterins (1, 5). Directly repeated sequences, such as
the nucleotide binding sites of pgpA and pgpB (29) (Fig. 1A) or
the sequences B and E (14) (Fig. 1A), surround the pgpA gene.
No directly repeated sequences seem to be present in the
vicinity of ptr1, and the closest repetitions, the sequences indi-
cated by A-B and C-D in Fig. 1A, are inverted. Therefore, the
size and structure of an amplicon might be related to the
presence of repeated sequences surrounding a resistance gene.
This report describes how, by gene-targeting experiments, we
determined experimentally the role of repeated sequences in
the formation, length, and structure of amplicons in Leishma-
nia cells selected for MTX resistance.

MATERIALS AND METHODS

Cell lines and cultures. The L. tarentolae cell line TarIIWT has been described
previously (45). Cell lines were grown in SDM-79 (46). Mutants derived from the
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FIG. 1. The H locus of L. tarentolae and regions amplified after drug selection. (A) The H locus is delimited by the open and cross-hatched boxes flanked by inverted
repeats A-B and C-D, respectively (29, 46). The drug resistance genes pgpA (6, 28, 31) and ptr1 (1, 7, 32, 33) are indicated. The pgpB gene closely related to pgpA (18)
is located just outside the H locus. The repeat E, homologous to the repeats A and B (14), and a single-copy sequence of unknown sequence named X are
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wild type or of the transfectants neo, Bd, Bi, and X9 were obtained by stepwise
selection with 50, 100, 250, 500, and 1,000 mM MTX (ICN Biochemicals).
DNA manipulations. Genomic parasite DNA was prepared as described pre-

viously (29). Chromosomes in agarose blocks were resolved by transalternative
field electrophoresis (TAFE) (Beckman) as described previously (14). Circular
amplicons in L. tarentolae were isolated by standard alkaline lysis (35). Southern
blotting, hybridization, and washing were done by standard protocols (38). All
probes were labeled by random priming (12). The probes (Fig. 1 and 2) included
a 0.5-kb EcoRV-EcoRI fragment covering a small portion of the B repeat and
derived from pMAC4 (46) and a 1.3-kb PvuII-PvuII fragment containing the
whole X repeat and also derived from pMAC4. The ptr1 and neo probes con-
taining the entire coding sequences were obtained by PCR. Finally, probes
labeled 1 to 5 in Fig. 1A correspond, respectively, to a 500-bp EcoRI-EcoRV
fragment derived from pMAC40, a 1-kb HindIII-EcoRV fragment derived from
pMAC4, a 1-kb BamHI-HindIII fragment derived from pMAC3 (46), an 850-bp
BamHI-ApaI fragment derived from pMAC40, and a 650-bp SacI fragment
derived from pMAC14 (46).
DNA constructs. A neo expression cassette (35) was cloned in a 5-kb EcoRV-

EcoRI fragment located between the R3 and R4 sites shown in Fig. 1A. The B
and X sequences, as 1.43-kb EcoRV-PvuII and 1.3-kb PvuII-PvuII restriction
fragments, respectively, were cloned into the unique SmaI site of the neo con-
struct. Orientation of inserts was determined by restriction digest to yield the Bd,
Bi, and X9 constructs.
Transfections.Wild-type L. tarentolae promastigotes were transfected by elec-

troporation as reported previously (33). Selections were done with 40 mg of G418
(Gibco-BRL) per ml, and the cells were cloned on agar plates as described
elsewhere (32).

RESULTS

Integration of repeats flanking the ptr1 gene. Several re-
peated sequences are close to the ptr1 gene, but none sur-
rounds the gene (Fig. 1A). Repeats A and B are large inverted
repeats of 1,241 bp that differ by 10-bp substitutions and a
96-bp deletion in repeat A (29). The E sequence is a direct
repeat of 541 bp of sequence B with 22 mismatches (14). The
entire sequence B (Fig. 2B and C), as part of a 1.43-kb frag-
ment, was introduced by homologous recombination down-
stream of ptr1 in both orientations (Fig. 1A). Upon integration
of the construct depicted in Fig. 2B, the novel repeat Bd would
be a direct repeat of B, whereas after integration of the con-
struct shown in Fig. 2C, the extra repeat Bi would be an
inverted repeat of sequence B (Fig. 1A). A single-copy se-
quence of 1.3 kb of unknown function and sequence but with
no homology to the A, B, or E repeated sequences, here
termed X, was also introduced downstream of the ptr1 gene by
using the construct shown in Fig. 2D to yield repeat X9, which
is a direct repeat of sequence X (Fig. 1A). Constructs made for
the integration of Bd, Bi, and X9 contained neo in order to be
able to select for their integration into the H locus. As a

FIG. 2. Restriction maps of the neo, Bd, Bi, and X9 transfectants and of the recombination junction of their amplicons. Only the R3-R4 fragment of the H locus
(Fig. 1A) is shown for each transfectant. Upon the integration of neo, Bd, Bi, and X9, novel EcoRI sites are introduced. The sizes of the EcoRI fragments expected
after hybridization with probes 1 to 4 are shown below the maps. (A) Integration of the neo gene between the R3 and R4 EcoRI sites of the H locus. (B) Integration
of the repeat B in direct orientation with its chromosomal copy (Bd); i), BamHI rearranged fragment formed by homologous recombination between repeats B and
Bd. (C) Integration of repeat B in an inverted orientation with its chromosomal copy (Bi); i), BamHI rearranged fragment formed by homologous recombination
between repeats A and Bi; ii), inverted duplications formed by annealing of repeats E and Bi. (D) Integration of the repeat X in direct orientation with its chromosomal
copy (X9); i), BamHI rearranged fragment formed by homologous recombination between repeats X and X9.

also shown. The integration sites for neo or for the sequences Bd, Bi, and X9 are shown above the map. The EcoRI sites (R1 to R4) and the BamHI sites (B1 to B6)
used throughout this study are indicated. Not all EcoRI and BamHI sites are shown. The small numbered bars (bars 1 to 5) below the map correspond to probes used.
Bars below the map indicate the regions amplified in previously characterized arsenite (Asi)- and MTX-resistant mutants (14, 29, 34). (B) Bars indicate the regions
amplified in wild-type or neo, Bd, Bi, and X9 transfectants selected for MTX resistance. A vertical line terminating the bars indicates that the rearrangement points
were precisely mapped, whereas an arrow indicates that amplified sequences extend farther in the direction of the arrow. (C) Models for the generation of amplicons
with direct or inverted repeats. The upper lines show the chromosomal copies from which the extrachromosomal elements are derived. The boxes with small arrows
indicate direct or inverted repeats. Boxes with the letter R indicate a drug resistance gene. We postulated that circles with direct repeats (left) are formed by homologous
recombination between direct repeated sequences. The mechanism of formation of circles with inverted duplications is shown on the right. The second diagram from
the top on the right shows a replication bubble; following a putative block in replication, a partial displacement of the newly replicated DNA strand occurs. This would
allow the inverted repeat to anneal and allow the polymerase to switch strands and synthesize another copy of the inverted duplication (dotted line with arrow). After
ligation and a new round of replication, a circle with inverted duplications would be formed.
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control, a construct was made (Fig. 2A) for the integration of
the neo gene downstream of ptr1. Constructs shown in Fig. 2
were transfected in L. tarentolae by electroporation, and G418
(the selective drug for neo)-resistant transfectants were cloned
and tested for the integration of neo, Bd, Bi, and X9. Genomic
DNA of the wild type and transfectants was cut with EcoRI
and hybridized to probes that allowed us to test whether the
novel repeats had integrated properly. The wild-type EcoRI-
EcoRI fragment (R3 to R4 in Fig. 1A) recognized by probe 1 is
6 kb (Fig. 3A, lane 1). Upon the integration of neo, Bd, Bi, and
X9, the size of the EcoRI fragment of one allele recognized by
probe 1 changed by the expected number of bases (Fig. 2; Fig.
3A, lanes 2 to 5). The 6-kb band hybridizing to probe 1, comi-
grating with wild-type sequences and present in all transfec-
tants, is the remaining intact allele. The presence of the Bd and
Bi repeats was confirmed by hybridization with a probe derived
from the B sequence. Hybridizing bands of the expected sizes
of 0.5 and 4.8 kb (Fig. 2B and C) were found in the Bd and Bi
transfectants (Fig. 3B, lanes 3 and 4). The presence of the X9
repeat in the Leishmania genome was tested similarly with a
probe derived from this repeat. A single 5.0-kb EcoRI band is
present in wild-type cells and in transfectants, but an extra

band of the expected size of 5.8 kb (Fig. 2D), corresponding to
the extra repeat, also hybridized in the X9 transfectant (Fig.
3C, lane 5). Finally, the presence of the neo gene was con-
firmed by hybridization with a neo probe, which gave an ex-
pected 2.5-kb EcoRI-EcoRI fragment (Fig. 2) in the neo, Bd,
Bi, and X9 transfectants (Fig. 3D, lanes 2 to 5), whereas no
signal was observed in the wild-type strain (Fig. 3D, lane 1).
The results showed that transfectants with a modified H

locus with novel repeats flanking the ptr1 gene were now avail-
able. These transfectants were used to analyze the role of
repeated sequences in determining the length and structure of
amplicons. For this purpose, 10 independent mutants of the
neo, Bd, Bi, and X9 transfectants, as well as of wild-type un-
transfected parasites, were selected for MTX resistance (see
Materials and Methods). Amplification of the ptr1 gene was
monitored by hybridization experiments at every step of the
selection.
Gene amplification in the control neo transfectants and

wild-type cells. Ten neo transfectants without extra repeats
were selected for MTX resistance. Amplification of the ptr1
gene was observed with all 10 mutants after the first step of
MTX selection at 50 mM (Table 1). Chromosome-sized TAFE
blotted gels indicate that all 10 amplicons migrated like linear
amplicons (Fig. 4A, lanes 2 and 3, and data not shown), which
was further confirmed by their hybridization to a probe con-
taining telomeric sequences (data not shown). Linear ampli-
cons derived from the H locus have been described before (9,
25, 34). Mapping of the rearrangement points of the linear

FIG. 3. Mapping of integration of novel repeated sequences downstream of
the ptr1 gene. Total DNAs of L. tarentolae TarII wild type and transfectants were
digested with EcoRI, electrophoresed in a 0.7% agarose gel, and blotted and
hybridized to probe 1 (A), to a probe derived from repeat B (B), to a probe
derived from repeat X (C), and to a probe derived from the neo gene (D). Lanes
1, L. tarentolae TarII wild-type strain; 2, TarIIneo; 3, TarIIBd; 4, TarIIBi; 5,
TarIIX9. Molecular sizes were estimated from the 1-kb BRL ladder.

TABLE 1. Characterization of amplicons generated in L. tarentolae
MTX-resistant mutants

Cells Mutant
no.a

MTX
concn
(mM)b

Type of
ampliconc

Amplicon
structured

Nature of
duplicationse

Wild type 1–10 50 III L U
1,000 III L U

neo 1–3, 5–10 50 III L U
4 50 II L I

Bd 1, 3–5, 10 250 IV C D
2, 6, 8 100 III L U

500 IV C D
7 100 IV C D
9 500 V C U

Bi 1 50 VI C D
2, 7 100 III L U

1,000 III L U
3, 8, 10 100 III L U

500 VII C I
4, 5, 6 100 III L U

500 VI C D
9 100 III L U

500 I C I
X9 1, 7, 9, 10 100 III L U

500 VIII C D
2, 4, 8 100 III L U

1,000 III C U
3 250 VIII C D
5, 6 250 III L U

1,000 III L U

a The numbers 1 to 10 correspond to the 10 independent mutants derived from
wild-type, neo, Bd, Bi, and X9 transfectants.
b Concentration of MTX at which ptr1-containing amplicons were studied.
c The roman numerals I to VIII refer to regions spanning the H locus ampli-

fied, as indicated in Fig. 1. The structure of amplicons was determined by
Southern blot analysis.
d L, linear; C, circular.
e U, unknown; I, inverted; D, direct.
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amplicons with probes 3 and 5 (Fig. 1A) indicated that 9 of 10
contained amplified sequences larger than the H locus (Table
1), defined here as the region between the repeated sequences
A and D (27, 45) (Fig. 1A). Analysis of Southern blots of the
DNA of the remaining mutant neoMTX50.4, hybridized with
probe 3, gave results consistent with a linear amplicon contain-
ing large inverted duplications formed by the annealing of the
inverted repeats A and B (Table 1 and data not shown), a
rearrangement observed previously to occur in several circular
or linear amplicons (29, 34). The selective pressure was in-
creased for two of these neo transfectants, but no circles were
observed.
Only one allele of the H locus contains a neo marker (Fig.

3A, lane 2). This neo-tagging procedure, in combination with
the large number of H-locus amplicons derived from neo trans-
fectants, provided us with the opportunity to test whether one
of the two alleles was preferentially amplified. Half of the
linear H-locus-derived amplicons hybridized with neo (Fig. 4B,
lanes 2 and 3, and data not shown), indicating that linear
amplicons in L. tarentolae can be derived from both alleles.
In untransfected L. tarentolae MTX-resistant mutants ana-

lyzed previously (usually at a high drug concentration, after
several steps of selection), amplicons were found predomi-
nantly in the form of circles (2, 29). The frequent generation of
linear amplicons from the neo transfectants prompted us to
check whether the integration of neo per se had changed the
amplification of the locus. Ten wild-type L. tarentolae cells
were selected in a stepwise manner for resistance to MTX.
Amplification of the ptr1 gene as part of a linear amplicon was
observed with all 10 mutants after the first step of MTX selec-
tion at 50 mM (Fig. 5A). Therefore, the integration of neo into
the H locus did not perturb in any way the amplification of the
H locus after MTX selection. Moreover, all MTX-generated

amplicons present in the wild type or the neo transfectants
without extra repeats contained, in addition to ptr1, extensive
coamplified sequences (Table 1), corroborating previous ob-
servations (29, 34). The selective pressure was increased to
1,000 mM MTX for all 10 mutants derived from the wild type,
and the results indicated that the copy number of the linear
amplicons was increased, but no circles were detected once
cells were adapted to 1,000 mM MTX.
Formation of ptr1-containing amplicons with direct repeats.

A DNA sequence homologous to sequence B was inserted
downstream of ptr1 (Fig. 1A and 3B). If the formation of
amplicons requires only the presence of a drug resistance gene
surrounded by repeated sequences, a ptr1-containing ampli-
con, generated after homologous recombination between se-
quences B and Bd (Fig. 1), should be expected after selection
with MTX. Formation of ptr1-containing amplicons following
recombination between sequences E and Bd could also be
possible (Fig. 1). Ten independent Bd transfectants were se-
lected for MTX resistance. Contrary to the situation with the
wild-type or the neo transfectants, few ptr1-containing ampli-
cons in the Bd mutants were linear (Table 1). Most were circles
as determined by characteristic migrations (14, 34) on TAFE
electrophoresis (Fig. 4A, lane 4, and data not shown) and by
the ease of purifying them from L. tarentolae by standard
plasmid preparation (35). Circles appeared in one mutant at
only 100 mM MTX, but most were observed when cells were
adapted to 250 mMMTX (Table 1). Mapping of the rearrange-
ment points of the circular amplicons by Southern blot hybrid-
ization was consistent with the scenario in which circles were
formed by homologous recombination between the B and Bd
sequences in 9 of 10 mutants. An example is shown in Fig. 6A.
Probe 2 recognized a 6-kb BamHI-BamHI fragment (B1 to B2
in Fig. 1A) in wild-type L. tarentolae (Fig. 6A, lane 1). A

FIG. 4. Selection of amplicons in MTX-resistant mutants generated from the neo, Bd, Bi, and X9 transfectants (see also Table 1). Chromosomes were separated
by TAFE, and Southern blots were hybridized to a probe derived from the ptr1 gene (A) and to a probe derived from the neo gene (B). The content of each lane is
indicated above panel A. wt, wild type.
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circular amplicon formed after the recombination between re-
peats B and Bd should yield a 4-kb BamHI-BamHI fragment
hybridizing with probe 2 (Fig. 2B, panel i). This is exactly the
size of the fragment observed in the purified circle isolated
from the mutant BdMTX100.7 digested with BamHI (Fig. 6A,
lane 2). The intact circle migrates in agarose gels as a 60-kb
circle (data not shown), indicating that the region amplified is
repeated two times as a head-to-tail repeat. Only one ampli-
con, in mutant BdMTX500.9, was not rearranged between the

B and Bd sequences, and it did not have any previously char-
acterized rearrangement points (Table 1; Fig. 1B). It was not
studied further. Apparently no amplicons were generated by
homologous recombination between repeats E and Bd.
Formation of amplicons with inverted duplications. The in-

sertion of Bi downstream of ptr1 can theoretically yield several
different types of amplicons after MTX selection. The Bi re-
peat is a direct repeat of sequence A but an inverted repeat of
the B and E sequences (Fig. 1A). Therefore, amplicons formed
by homologous recombination between A and Bi would con-
tain head-to-tail repeats, whereas they should contain head-to-
head repeats if the sequence Bi had annealed to sequence E or
B. Ten Bi transfectants were selected for MTX resistance, and
amplification of ptr1 was observed to occur in all of them. At a
low MTX concentration of 100 mM, only linear amplicons with
large regions amplified (Fig. 4A, lane 5, and data not shown)
were observed, except in mutant BiMTX50.1, where a circle
was present (Fig. 4A, lane 6; Table 1). When the concentration
of the selective drug was increased, circular amplicons, in ad-
dition to the already present linear ones, were formed in 8 of
10 Bi transfectants (Fig. 4A, lanes 7 to 10, and data not shown).
When the selective pressure was kept, populations with the
circles were selected and the linear amplicons were lost after a
few passages (data not shown). Four of the mutants contained
circular amplicons formed by homologous recombination be-
tween sequences A and Bi (Table 1). An example is shown in
Fig. 6B. Hybridization with probe 3 (Fig. 1A) recognized a
17-kb BamHI-BamHI fragment in wild-type L. tarentolae
(Fig. 6B, lane 1). The circle isolated from BiMTX50.1 was
cut by BamHI, and a 2.8-kb fragment, a size expected if the
circle was formed by homologous recombination between se-
quences A and Bi, hybridized to probe 3 (Fig. 2C, panel i, and
6B, lane 2). Three mutants (BiMTX500.3, BiMTX500.8, and
BiMTX500.10) contained circular amplicons (Fig. 4A, lanes 7

FIG. 5. Amplicons in 10 independent MTX-resistant mutants generated from the TarII wild type. Chromosomes were separated by TAFE, and Southern blots were
hybridized to a ptr1 probe. (A) Mutants resistant to 50 mM MTX; (B) mutants resistant to 1,000 mM MTX. The 800-kb band corresponds to the chromosomal copy
of ptr1.

FIG. 6. Mapping the rearrangement points of the novel amplicons (see also
Table 1). Total DNA was isolated from the L. tarentolae TarII wild-type strain,
and circular DNA was isolated by the standard alkaline lysis procedure (35) from
the mutants, which explains the absence of hybridization of the genomic frag-
ment. All DNAs were digested with BamHI, except for DNAs shown in panel D,
which were digested with HindIII. Digested DNAs were electrophoresed in 0.7%
agarose gels and hybridized to probe 2 to map the recombination between the
repeats B and Bd and X and X9 (A); recombination between A and Bi was
mapped with probe 3 (B); annealing of the inverted repeats E and Bi and that of
C and D were tested by using probes 4 and 5, respectively (C and D). Lanes 1 (all
panels), L. tarentolae TarII wild-type strain; lanes 2, BdMTX100.7 (A),
BiMTX50.1 (B), and BiMTX500.8 (C and D); lane 3, X9MTX500.1. Molecular
sizes were estimated from the 1-kb BRL ladder.
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to 9) with inverted duplications formed by annealing of the E
and Bi inverted-repeat sequences. The wild-type genomic
BamHI fragment (B3 to B4 in Fig. 1A) recognized by probe 4
is 9 kb (Fig. 6C, lane 1), whereas the isolated amplicon di-
gested with the same enzyme yielded a 4-kb fragment (Fig. 6C,
lane 2), a size consistent with the formation of inverted dupli-
cations following the annealing of E and Bi sequences (Fig. 2C,
panel ii). To search for the second rearrangement point, the
blot was rehybridized with probe 5 (Fig. 1A). A 14-kb HindIII
fragment, which comigrates with genomic sequences, hybrid-
ized to probe 5 (Fig. 6D), indicating that the second rearrange-
ment point was located farther downstream of the D sequence
(Fig. 1B, structure VII). The final circular amplicon in
BiMTX500.9 also contained inverted duplications, but its anal-
ysis by Southern blotting suggested that it was formed by an-
nealing of sequence A with sequence B and of sequence C with
sequence D (Table 1), just like the H circle found in L. taren-
tolae TarVIa wild-type cells (29, 46).
Usage of repeats is sequence independent. The results pre-

sented above indicate that the presence and orientation of
repeated sequences determine the structure and length of the
region amplified. However, the experiments were done with
sequences already present in three copies (Fig. 1A) that are
naturally used during H-locus amplification (14, 29, 34). To
exclude the possibility that the B sequence acts as a specialized
sequence for recombination during gene amplification, we
have put a novel repeat, X9, downstream of ptr1 in a direct
orientation with the sequence X (Fig. 1A). X is normally single
copy, has never been used during amplicon formation, and has
no homology with B (Fig. 3B and C). The X-X9 repeats are
about the same size as the B-Bd repeats (1.3 versus 1.4 kb) and
are separated by similar distances, X and X9 being 1.3 kb
farther apart. Ten independent X9 transfectants were selected
for MTX resistance. With low-MTX-concentration selection,
mainly linear amplicons were observed, similar to the situation
with the Bi mutants, but when drug pressure was increased,
circular amplicons containing ptr1 were detected in 8 of the 10
X9 MTX-resistant mutants (Table 1). Five circular amplicons
were created by homologous recombination between the X
and X9 repeats (Table 1; Fig. 4A, lane 11). Indeed, a 5.3-kb
BamHI fragment derived from the circle hybridized to probe 2
(Fig. 6A, lane 3), exactly as predicted if the circle was formed
by homologous recombination between X and X9 (Fig. 2D,
panel i). The three remaining circular amplicons (Fig. 4A,
lanes 12 to 14) derived from X9 transfectants selected for MTX
resistance contained extensive genomic sequences coamplified
with ptr1 (Table 1).

DISCUSSION

Gene amplification models proposed after the characteriza-
tion of rearrangement points in amplicons of drug-resistant L.
tarentolae (14, 27, 29, 34) were tested experimentally. In the
wild-type cells or the neo transfectants selected for MTX re-
sistance, the regions coamplified with ptr1 were always large,
often representing more than 10% of the chromosome (29, 34)
(Table 1). In contrast, when novel sequences were introduced
by homologous recombination 39 of the ptr1 gene to create the
direct repeats B-Bd, A-Bi, and X-X9, circles with small regions
amplified were formed at the level of the novel repeats in
MTX-selected mutants (Table 1). The regions amplified were
repeated at least twice, as determined by the migration of
several intact circles in agarose gel. The formation of dimers
may be necessary for stability or replication of circles as small
transfected plasmids always oligomerized when maintained
stably in Leishmania cells (35). No specific sequences seem

required for recombination, as similar numbers of circular
amplicons (4 and 5 of 10) are generated by recombination
between either repeats A and Bi or X and X9. The B and Bd
repeats were used more frequently in the generation of circular
amplicons (Table 1). This finding could be attributed to the
longer stretches of homology in the B-Bd repeats. A 96-bp
insertion in the Bi repeat is absent in sequence A (29), and the
X-X9 repeat is slightly smaller (1.3 instead of 1.43 kb). The
frequency of homologous recombination in yeast and mamma-
lian cells is proportional to the length of homologous se-
quences (37, 42). The distance between the repeats, B and Bd
being the closest together of the three pairs of repeats, might
also influence the frequency of use. Finally, a combination of
small differences in lengths of the repeats, in the level of
homology (there is a 10-bp substitution between A and B), and
in the distance between them might explain the differences
noted.
No amplicons formed by homologous recombination be-

tween the E and Bd sequences were observed, although these
are the closest together (Fig. 1A). The repeats are shorter (540
bp), with some mismatches (14), which could be sufficient
reasons for their not being used at a high frequency. Another
reason could be the absence of an origin of replication between
the E and Bd repeats. The region located between the re-
peated sequence B and the second nucleotide binding site of
pgpA (Fig. 1) is common to all amplicons derived from the H
locus, and this region was suggested to contain an origin of
replication (27). Origins have not yet been described for Leish-
mania spp., however. The recent demonstration that trans-
fected bacterial vectors without any Leishmania DNA insert
replicate well in L. tarentolae (32) raises the question of
whether an origin of replication is required for selection of the
event leading to the formation of extrachromosomal ampli-
cons.
L. tarentolae cells selected for MTX resistance often contain

large amplicons with head-to-head repeats (29, 34). Inverted
duplications are common in amplicons found in tumor cells
(reviewed in reference 13). We have added a repeat, Bi, 39 of
ptr1 that would be an inverted repeat of sequences E and B
(Fig. 1A). In three instances, amplicons with head-to-head
repeats created at the level of Bi and E sequences were
formed. The results represent, therefore, a strong confirmation
of our model (29, 46), in which inverted duplications in Leish-
mania spp. are formed at the level of inverted repeats (Fig.
1C). We postulated previously that a pause in DNA replication
would allow partial strand displacement within a replication
bubble, which would then permit the inverted repeats to an-
neal. This would serve as a primer for a DNA polymerase and
lead to strand switching. The newly synthesized strand would
serve as a template to form the other copy of the inverted
duplication (Fig. 1C). After ligation and synthesis of a com-
plementary strand, a circle with two large inverted duplications
would be formed. The putative events leading to blocks in
DNA replication are yet unknown. Sequences in the vicinity of
the repeats, or in the repeats, may form hairpins and cause a
pause in replication. Computer analysis of the A and B repeats
indeed indicated the presence of several putative hairpin struc-
tures, notably one spanning nucleotides 613 to 661 (according
to the numbering used in reference 29). The use of MTX,
which may unbalance the deoxynucleotide pools, may also con-
tribute to replication pausing. The B and Bi repeats were not
used for the formation of inverted duplications. This observa-
tion could be explained by the distance between the two re-
peats, which could be too large to permit annealing. A recent
report indicated that the rate of recombination between in-
verted repeats is indeed strongly reduced when the distance
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between the repeats is increased (3). A similar model was
proposed for amplification of simian virus 40 sequences in
CHO cells (10). In this case, however, the strand switching
leading the polymerase to backtrack and continue replication
on the newly synthesized strand is probably due to accidental
annealing of nonhomologous sequences which could be stabi-
lized by elongation (10). Inverted duplications are widespread
in microbial systems as well, and the formation of head-to-
head palindromes of rRNA genes in Tetrahymena thermophila
was shown to require inverted repeats (48). The annealing of
inverted repeats during replication is also proposed to yield
inverted duplications of genetic elements in bacteria (24). As
indicated before, we cannot exclude the possibility that other
mechanisms are responsible for the formation of H circles (27,
29). An interesting variation to the foldback model proposed
here is the reciprocal-strand-switching model, proposed to ex-
plain the formation of inverted duplications from inverted re-
peats in Escherichia coli (4). In this model, a reciprocal switch-
ing of the leading and lagging strands of replicating inverted
repeats is suggested to occur, leading to the formation of a
Holliday junction (4). This junction could be resolved by DNA
endonuclease and ligase to lead to a circle with inverted du-
plications (4). There are no signs of strand switching, however,
in the two recombination junctions of the H circle character-
ized in detail (30), and the distance between the H-locus in-
verted repeats (5 kb) would suggest that strand switching be-
tween the lagging and leading strands would be inefficient.
In previous studies (29, 34), amplicons in L. tarentolae cells

highly resistant to MTX (1,000 mM) were studied. To study the
role of repeated sequences in gene amplification in L. tarento-
lae, we have looked for amplicon formation at every step of
MTX selection. We were surprised to note the high frequency
of formation of linear amplicons during the first selection
steps. With increased selective pressure, linear amplicons in
the Bd, Bi, and X9 series were replaced by circles (Table 1).
Circles were not observed in wild-type cells (Fig. 5B), indicat-
ing that circles are possibly more easily formed when homol-
ogous repeats, close to a drug resistance gene, are available. As
circles have been detected in L. tarentolae in previous studies
(29, 34), it is possible that circles would be formed at later
passages. At this point it is not possible to determine whether
the circles were formed from linear amplicons, but a recent
study of Leishmania tropica also indicated that the H locus was
amplified as part of linear amplicons at low MTX concentra-
tions and circles followed at high MTX concentrations (25). A
linear-precursor–circular-product relationship has recently
been proposed for the LD1/CD1 locus of Leishmania spp. (23).
Evidence has been provided that in tumor cells linear extra-
chromosomal elements could be intermediates in gene ampli-
fication (22) and transfection of linear plasmids in yeast cells
can yield circles with inverted duplications (17). The advantage
of passing through a linear intermediate is not clear but could
be related to the type of chromosomal breaks induced which,
in turn, could be related to the type of drugs used. Circles
would be formed and selected because of their increased sta-
bility (34, 35) or simply because their copy number may be
more easily increased than that of linear amplicons when se-
lective pressure is increased. In the Bd mutant series, few
linear amplicons were observed (Table 1), suggesting that they
were either present in small amounts, short-lived, or simply not
formed. Some overexposed blots suggested that linear ampli-
cons (less than 1/100 cells) may have indeed been present in
additional Bd mutants.
In conclusion, for a region to be amplified after drug selec-

tion in L. tarentolae, repeated homologous sequences on each
side of a drug resistance gene are required. We have proven

experimentally that when repeated sequences are direct or
inverted repeats, amplicons with head-to-tail or head-to-head
repeats can be formed, respectively. Future work will concen-
trate on the parameters influencing the frequency of usage of
repeats, the possibility that circles are formed from linear pre-
cursors, and finally whether sequences are required for repli-
cation, as for amplicons in mammalian cells (8, 44).
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