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ABSTRACT

We have investigated the effect of target copy
number on the ef®ciency of stable transformation of
the protozoan parasite Trypanosoma brucei. Using
a single strain of the organism, we targeted integra-
tive vectors to several different genomic sequences,
occurring at copy numbers ranging from 1 to
~30 000 per diploid genome, and undertook a
systematic assessment of both transformation and
integration ef®ciencies. Even over this vast copy
number range, frequency of gene targeting was the
same for all sites. An independence of targeting
frequency and target copy number is characteristic
of mammalian homologous recombination and is
unlike the situation in budding yeast. It is also not
seen in the related parasite Leishmania, a distinc-
tion that may be the consequence of the different
usage of recombination within the mechanisms of
pathogenicity in the two species.

INTRODUCTION

The ability to make speci®c transgenic manipulations to an
organism's genome is a hugely powerful tool in studies of
gene structure and function. Gene targeting, by means of
integration of exogenous DNA into host DNA, enables the
investigation of cis-effects at the site of integration that could
never be probed by trans approaches such as the use of
autonomously replicating vectors. It also provides a method of
stable transformation which can be consistent in terms of copy
number and extremely stable over time, even in the absence of
selection. For these reasons, much work has been done to
make gene targeting a standard, though not necessarily
straightforward, biotechnological tool in many systems, as it
has been in yeast for many years.

The protozoan parasite Trypanosoma brucei is the causative
agent of the fatal disease sleeping sickness. Trypanosoma
brucei and the related parasites Trypanosoma cruzi and
Leishmania spp. are signi®cant insect-borne pathogens of
tropical and subtropical regions. Aside from their impact on
human health, these species are also important model systems

for the study of basic cell biology, a position substantially
aided by the advent of reproducible methods for the
introduction of exogenous DNA into their genomes (1±5).
Gene targeting has proved invaluable in these organisms as a
method of analysing gene function and investigating chromo-
some structure. As well as being used for gene disruption, in
T.brucei gene targeting is the predominant approach for stable
transformation when cis-effects are not desired. This is despite
the existence of relatively stable non-integrative vectors (half-
lives in the absence of selection ranging from ~1.5 to ~17 cell
generations) (6,7). Such a situation exists because the
autonomously replicating vectors described to date do not
provide suf®cient improvements in transformation ef®ciencies
to offset the greater stability and consistency afforded by
integrative approaches.

At present, the key to gene targeting in all organisms is the
soliciting of the cell's own homologous recombination
machinery to deliver exogenous DNA to a speci®ed chromo-
somal locus. Generally for vertebrate cells, integration of
DNA at the target site by homologous recombination is
obscured by a much higher frequency of random (i.e. non-
homologous) integration events (reviewed in 8), necessitating
the use of approaches such as positive±negative selection,
promoter and polyadenylation traps and marker±target gene
fusions to isolate true targeted recombinants (see 9±11). In the
Kinetoplastidae Trypanosoma and Leishmania (2,3,12), as
for Saccharomyces cerevisiae (13), the reverse is true, with
nearly all integration events proceeding by homologous
recombination.

Given the importance of gene targeting to the study of
parasite pathogenesis and to the wider study of biology more
generally, knowledge of the parameters that in¯uence the
frequency of gene targeting is of considerable interest. Factors
which affect gene targeting in mammalian and/or yeast
systems include: the cell line used, the length of homology
between donor and target, the extent of homology to target, the
dose of vector and the target copy number. Here we have
investigated in particular the relationship between the target
copy number and the frequency of gene targeting. Using a
single T.brucei strain, we determined the ef®ciency of
integration at genomic sequences occurring at low, inter-
mediate and very high copy numbers and found no difference
in the frequency of gene targeting. These data are in contrast to
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the situation in S.cerevisiae and Leishmania, where gene
targeting frequency is dependent on target copy number
(14,15), and suggest that, in common with mammalian cells,
the search for homology is not rate limiting to homologous
recombination in T.brucei.

MATERIALS AND METHODS

Targeting constructs

All plasmids for the stable transformation of procyclic form
(PCF) cells were derived from a construct we have named
pGad7. This root vector contains a polycistron encoding green
¯uorescent protein (GFP) and a hygromycin resistance marker
under the control of a tetracycline-inducible procyclin EP1
gene promoter (16). Processing sequences are: an EP1 splice
acceptor sequence with aldolase 3¢-processing sequence for
the GFP gene; an actin splice acceptor sequence and 3¢-
processing sequence for the hygromycin resistance marker
gene. Upstream of the promoter is a small multicloning site to
accommodate targeting sequences. Downstream of the poly-
cistron are two T7 terminator sequences and a recognition site
for the meganuclease I-SceI. A map and full sequence of
pGad7 are provided as Supplementary Material and a detailed
lineage can be obtained from the authors (see also Fig. 1).

pGad8-VSG-G4 and pGad8-VSG-S8 contain sequences for
targeted integration of the plasmids into the minichromosomal
variable surface glycoprotein (VSG) genes VSG G4 and VSG
S8, respectively (accession nos AF294807 and AF294806).
Sequence for targeting VSG G4 (including an engineered
BamHI recognition site) was produced in two halves by PCR
from T.brucei strain 427 gDNA. Primers used were:
CTGGAGCTCTTCTCGCATTAAAGCCAC and CGGGAT-
CCCTTGCAACCTGTTTCATC; CGGGATCCCAACTGA-
AGTCAGGGCAA and GACCTCGAGACAGTTCGTCGA-
TGCTTG. These amplicons were digested with the restriction
nucleases SacI/BamHI and BamHI/XhoI, respectively, and
used in a three-way ligation with SacI/XhoI-digested pGad7 to
produce the plasmid pGad8-VSG-G4. Sequence for targeting
VSG S8 in pGad8-VSG-S8 was produced from a single PCR
using the primers CTGGAGCTCTCCAGCAAACGAGCG-

GAT and GACCTCGAGGCCTCCAGCTTGAGTTTG and
gDNA template. A unique PvuII site in the VSG S8 gene
obviated the need for extra restriction sites to be engineered
into this sequence.

Targeting sequences in pGad8-177t1 and pGad8-rev177
are single `Type 1' 177 bp repeats in the `forward' and
`reverse' orientations, respectively (see Results). Both contain
engineered BamHI recognition sites. Targeting sequence in
pGad8-177t1 was produced in two halves by PCR from a
T.brucei strain 427 gDNA template: ~90 bp sized DNA from a
PCR using the primers CTGGAGCTCTAAATGGTTCTTA-
TACGAATG and CGGGATCCTATTGCACACATTAA-
AAGTT; ~90 bp sized DNA from a PCR using the primers
CGGGATCCTTAATTACAAGTGTGCAACA and GACCT-
CGAGTTAACACTAAAGAACAGCGTT. These amplicons
were cloned as for pGad8-VSG-G4. The `reverse' 177 bp
repeat in pGad8-rev177 was produced from pGad8-177t1 by
PCR with the primers GACCTCGAGTAAATGGTTCTTA-
TACGAATG and CTGGAGCTCTTAACACTAAAGAAC-
AGCGTT.

Targeting sequences in pGad8-177t2 and pGad8-33177t2
are `Type 2' 177 bp repeats, with engineered BamHI
recognition sites. Targeting sequence in pGad8-177t2 was
produced as for pGad8-177t1 but with the primers:
CTGGAGCTCTTTAATGGTCCTTATACG and CGCGGA-
TCCGTAATTAATATGGCACAC; CGCGGATCCGTGTG-
CAACATTAAATAC and GACCTCGAGACCCATTAA-
ACACTAAAG. The longer targeting sequence in pGad8-33
177t2 was produced as for pGad8-177t2, but from ~270 bp
sized DNAs.

The rDNA spacer targeting sequence (including an
engineered NotI site) was produced by PCR from the plasmid
pLew100 (17) using the primers CTGGAGCTCATA-
TAGTTG and GACCTCGAGCATTTGTTCTTCTAC. Liga-
tion of this amplicon into pGad7 gave the vector pGad8-
rDNA. The pGad8-tubulin construct contains no promoter,
relying on transcriptional read-through following integration
for marker expression. It was obtained by replacing the
promoter and EP1 splice acceptor sequence of pGad7 with a
partial b-tubulin gene and aldolase splice acceptor sequence.

Figure 1. Anatomy of vectors used in this study for stable integrative transformation of T.brucei. Vectors essentially differ only in the targeting sequence and
promoter used. Targeting sequences were: b-tubulin gene; rDNA spacer; the minichromosomal VSGs G4 and S8; four different versions of the 177 bp repeat,
a single Type 1 repeat (177-T1), a Type 1 repeat in the reverse orientation (rev 177-T1), a single Type 2 repeat (177-T2) and three direct Type 2 repeats (3 3
177-T2). Constructs for the transformation of PCF cells contained either no promoter or a tetracycline-inducible procyclin EP1 promoter (Ti-PEP1). Constructs
for the transformation of BSF cells contained a tetracycline-inducible T7 polymerase promoter (Ti-PT7). GFP and Hygror open-reading frames abut splice
acceptor sequences (SAS) and 3¢-processing sequences (3¢-PS) derived from endogenous trypanosomal genes. Targeting sequences and promoters were
combined as shown.
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Constructs for stable transformation of bloodstream form
(BSF) cells, pGad9-rDNA, pGad9-177t2 and pGad9-VSG-G4,
were produced by replacement of the tetracycline-inducible
EP1 promoters in pGad8-rDNA, pGad8-177t2 and pGad8-
VSG-G4, respectively, with tetracycline-inducible T7 pro-
moters (see Fig. 1). This was achieved by PCR ampli®cation
of the Ti-T7 promoter from pLew82 (17) with the primers
CCGCTCGAGCCTGATTAATACGAC and CCCTTGCTC-
ACCTAG, followed by XhoI/HindIII digestion and ligation
into XhoI/HindIII-cut pGad8-rDNA, pGad8-177t2 and
pGad8-VSG-G4.

Cell lines

PCF and BSF cell lines were derived from T.brucei strain 427
culture-adapted cells. PCF `PTP' cells were a kind gift of
P. Bastin (Laboratoire de Biophysique, MuseÂum National
d'Histoire Naturelle, Paris, France). This cell line expresses
the tetracycline repressor and a phleomycin resistance marker
(Bleor) from the tubulin locus and was generated by the
transformation of PCF strain 427 cells with linearised pHD449
vector (18), followed by selection with 2 mg ml±1 phleomycin.
BSF cells were the `single-marker cell line' described by
Wirtz et al. (17) and express the tetracycline repressor and T7
RNA polymerase. PCF cells were cultured at 28°C in SDM-79
(19) supplemented with 10% (v/v) foetal calf serum. BSF cells
were cultured at 37°C, 5% CO2 in HMI-9 (20).

Trypanosome transformation

Transformations were carried out essentially as in Wirtz et al.
(21). For PCF cells, 2.5 3 107 actively dividing cells were
harvested by centrifugation (5 min at 500 g), washed once in
ice-cold ZPFM buffer (22), centrifuged again and then
resuspended in ZPFM at 5 3 107 cells ml±1. An aliquot of
20 mg of linearised vector was added to these cells prior to
electroporation twice at 1.7 kV, 110 mF with 3 3 100 ms pulses
(Electro Square Porator; BTX). Since the constructs used for
transfection are of approximately equal size (6.1±7.0 kb), this
is a roughly equimolar plasmid dosage. Post-electroporation,
cells were allowed to recover in normal growth medium for
16 h with induction (1 mg ml±1 tetracycline), after which time a
cell count was performed and the proportion of cells positive
for GFP was assessed by ¯ow cytometry. Stable PCF
transformants were selected for by aliquoting cells into
96-well plates at 2 3 105, 2 3 104 and 2 3 103 cells well±1

in the presence of 20 mg ml±1 hygromycin B.
BSF cell transformations were as for PCF cells excepting

the following: ZPFM supplemented with 1% (w/v) glucose at
37°C was used in place of cold ZPFM; 50 mg of linearised
vector was used; cells were electroporated once only;
induction was with 1 mg ml±1 doxycycline. Much lower
numbers of stable transformants are expected for BSF than for
PCF, due to the lower transformation rate and low number of
cells surviving electroporation. For this reason, BSF trans-
formants were selected in a single 24-well plate containing
10 mg ml±1 hygromycin B.

Both PCF and BSF cells were passaged with selection for at
least 16 days to ensure true positives and all wells tested
contained GFP-expressing cells in which the hygromycin
resistance gene was integrated into an endogenous chromo-
some (n = 46; data not shown).

Assessment of transformation ef®ciencies

An assessment of the number of positive transformants arising
was made from the number of positive wells by assuming a
Poisson distribution, P(l), where l is the mean number of
positive transformants per well. Hence, the probability of any
well being negative, p0, is given by p0 = e±l and a
measurement of l can be made as follows,

l = ln[1 ± (n+/N)]

where n+ is the number of positive wells and N is the total
number of wells. This was considered a good measure of l for
any plate so long as it had no more than 80% of wells positive.

For each transformation in PCF cells, up to three estimates
of l could be gained (one from each plate) and up to three
independent transformations were performed for each target-
ing sequence. In BSF cells, where the transformation
ef®ciencies are much lower, only one estimate of l per
transformation was possible and four independent transform-
ations were performed for each targeting sequence analysed.
Integration ef®ciencies (PCF only) were assessed from the
transformation ef®ciencies by dividing by the proportion of
cells positive for GFP at 16 h post-electroporation.

Database mining

Sequence data were produced by the Pathogen Sequencing
Group at the Sanger Institute (Wellcome Trust Genome
Campus, Hinxton, UK) and can be obtained from ftp://
ftp.sanger.ac.uk/pub/pathogens. From the large number of
GSS reads containing 177 bp repeat sequence, we picked 20
reads at random. These contained a total of 42 complete (i.e.
AluI±AluI recognition site) copies of the 177 bp repeat.

RESULTS

Transformation ef®ciencies for procyclic form cells

In T.brucei, since integration by homologous recombination
predominates (2), the ef®ciency of stable integrative trans-
formation can be taken as a direct measure of the frequency of
gene targeting. This predominance of homologous recombin-
ation was con®rmed by southern hybridisation for a sample of
the positive transformants generated here; each of 46 clonal
transformants examined showed evidence of a single integra-
tion event at the targeted loci (data not shown; Wickstead
et al., submitted for publication). We compared the ef®ciency
of stable transformation of T.brucei cells when ®ve sites
present at very different copy numbers were targeted (see
Table 1). Initially, we transformed a single strain laboratory
culture of PCF cells. These cells are derived from the insect
mid-gut life cycle stage of the parasite. The vector target
sequences were: the b-tubulin gene (23); the region upstream
of the promoter for the 18S rRNA gene (referred to here as the
rDNA spacer) (24); the 177 bp repeat (25); VSG G4; VSG S8
(26). Figure 1 shows the anatomy of the plasmids used.

Two of the integration target sites, the b-tubulin gene and
the rDNA spacer, are found on the diploid megabase sized
chromosomes (MBCs) of T.brucei which carry all of the
constitutively active portion of the trypanosomal genome.
Both sequences are multicopy, but differ in their distributiona:
a- and b-tubulin genes alternate in an array of up to 19 tandem
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repeats at the diploid TUB locus (27±29), while the rDNA
spacer can be found dispersed on several chromosomes at a
total copy number of 15±20 (30,31).

The remaining three targeting sequences were derived from
sequences on T.brucei minichromosomes (MCs). These small
linear chromosomes (30±150 kb in size) appear to be
aneuploid (26) and a heterogeneous population of roughly
100 MCs is maintained by the organism as a reservoir for VSG
genes (reviewed in 32). Each of the minichromosomes
consists predominantly of a repeat of ~177 bp (33), which is
also found on the intermediate sized chromosomes (200±
700 kb). The 177 bp repeat thus exists at a very high copy
number (30 000±50 000 copies per diploid genome, depending
on estimate). Conversely, the two targeted minichromosomal
VSGs, VSG G4 and VSG S8, are low copy number sequences,
found as single (i.e. non-tandemly repeated) subtelomeric
genes on four or one MCs, respectively (26).

Figure 2A and B shows the transformation ef®ciencies for
vectors targeted to different genomic sites in PCF cells. The
ef®ciency of stable transformation is the product of the
ef®ciency of transfection (the proportion of cells into which
exogenous DNA is introduced) and the ef®ciency of integra-
tion (the proportion of cells containing exogenous DNA that
subsequently integrate the DNA into the genome). We have
noticed that the ef®ciency of transfection is exquisitely
sensitive to experimental conditions and subject to a large
experiment to experiment variation. In order to look at factors
affecting the homologous recombination of DNA, rather than
the introduction of DNA into the cell, we used a measure of
the transfection ef®ciency, the proportion of cells positive for
GFP at 16 h post-electroporation, to ®nd the ef®ciency of
integration in the transformation experiments. An assessment
of transfection ef®ciency (and hence integration ef®ciency)
could not be made for the tubulin-targeting construct since,
unlike the other four vectors, it contains no promoter;
transcription of the encoded marker genes relies on read-
through by endogenous RNA polymerase which can only be
achieved following integration into a host chromosome.
Figure 2C and D shows the integration ef®ciencies for the
transformations in Figure 2A and B.

The data clearly show that there is no relationship between
target copy number and the ef®ciency either of transformation
or of integration of exogenous DNAs into the T.brucei
genome. Genomic targets present at from 1 to >30 000 copies
are targeted at the same frequency. Also, there is no signi®cant
barrier to the integration of constructs containing active
promoters into the normally transcriptionally silent MCs; two
low copy VSGs can be targeted with the same ef®ciency as

Figure 2. Ef®ciency of transformation (A and B) and ef®ciency of integra-
tion (C and D) in PCF cells when targeting genomic sequences occurring at
different copy numbers. Cells were transformed with the plasmids shown in
Figure 1. Targeting sequences were: b-tubulin gene; rDNA spacer; Type 1
177 bp repeat (177-T1); VSG G4; VSG S8. Data are from up to three assess-
ments of ef®ciency from each of up to three independent transformations
performed for each targeting sequence, as shown in (A) and (C). The same
data sets are shown in (B) and (D) as average ef®ciencies with standard
errors. Transformation ef®ciencies are expressed as number of stable trans-
formants per 106 cells at 16 h post-electroporation. Integration ef®ciencies
are transformation ef®ciencies divided by the proportion of cells positive for
GFP at 16 h post-electroporation and are expressed as number of stable
transformants per 1000 transfected (GFP-positive) cells.

Table 1. The copy numbers in the T.brucei genome of the ®ve sequences targeted in this study

Target sequence Copy numbera Number of arraysa Copies per array References

b-Tubulin gene 34±38 2 17±19 (27,29)
rDNA spacer 15±20 6±7 ~3 (24,30,31)
177 bp repeat ~30 000b ~100 100±500 (25,33)
VSG G4 4 4 1 (26)
VSG S8 1 1 1 (26)

aPer diploid genome.
bOur data from physical mapping of several MCs (Wickstead et al., submitted for publication) suggests this
lower copy number for the 177 bp repeats than estimates made elsewhere (33).
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multicopy loci on MBCs and the MC 177 bp repeats.
Integration into MCs is not unprecedented, since Zomerdijk
et al. (31) have shown that transcription is possible from an
orphaned rDNA promoter on an unusual MC.

177 bp repeat heterogeneity

Ef®cient homologous recombination requires a high degree of
sequence identity between substrates (34±36). This require-
ment is attributed to the activity of long patch mismatch repair
systems which identify and dissect the heteroduplexed DNA
of recombination intermediates formed between non-identical
sequences (37,38). In Leishmania, gene targeting has been
shown to be ablated by 13% divergence between target and
vector (14). It is likely that a similar situation exists in
T.brucei, since if several non-identical genomic sites (hetero-
alleles) exist, those with the highest homology to the input
plasmid are targeted preferentially (39).

Given the high homology requirement for gene targeting, it
is possible that the ef®ciency of transformation when targeting
the 177 bp repeat might re¯ect heterology between repeats
rather than true target copy number independence. For
example, a requirement for absolute identity in a population
of very heterogeneous repeats would seriously reduce the
effective copy number. To investigate this possibility further,
we mined the database at The Sanger Institute (http://
www.sanger.ac.uk/Projects/T_brucei/) for information on the
177 bp repeats resulting from the ongoing T.brucei genome
sequencing project. Forty-two randomly selected examples of
the repeat showed a very low degree of heterology, with an
average of 99% identity between repeats (data not shown).
However, the consensus of the mined sequences was only 93%
identical to the 177 bp repeat targeting sequence in the
plasmid used in Figure 2 (see Fig. 3). This original 177 bp
repeat targeting sequence will be referred to below as a `Type
1' 177 bp repeat. It shares 99% identity with the sequence
described by Sloof et al. (25) in the original description of the
177 bp repeat.

From the strain of T.brucei used in transformation experi-
ments, we isolated a 177 bp repeat identical to the consensus
of the mined sequences. This is referred to here as a `Type 2'
177 bp repeat. From the degree of homology found between
177 bp repeat sequences on the database, it is expected that
~40% of all 177 bp repeats will be 100% identical to this
sequence (equivalent to a copy number of at least 8000). When
this Type 2 repeat was used as the targeting sequence, the
frequency of gene targeting and ef®ciency of integration were
the same as that for the 93% identical Type 1 sequence (Fig. 4).

This demonstrates that repeat heterology is not the cause of the
apparent target copy number independence of targeting the
177 bp repeat. Nor is it the case that the direction of the repeat
in¯uences integration. A Type 1 repeat in the reverse
orientation targets exogenous DNA to MCs just as effectively
(Fig. 4).

Lengths of targeting sequences

In mammalian systems, the frequency of gene targeting is
exponentially dependent on the length of homology shared
between the donor plasmid and target locus. This holds for
lengths of homology up to ~10 kb, after which the
recombination frequency levels off and then decreases slightly
(34). In contrast, S.cerevisiae homologous recombination
shows a linear relationship between substrate length and
amount of recombination (40). Leishmania requires smaller
target sequence lengths than mammalian systems. The highest
gene targeting frequencies are observed when the length of
target homology is >2 kb, with the critical factor seeming to
be the length of homology on the shorter arm of the vector
(>1 kb) rather than the total length of targeting sequence.
Vectors with <200 bp homologous sequence at one or both
ends yielded no positive transformants in Leishmania (14).

Table 2 lists the lengths of the targeting sequences in the
vectors used to transform PCF T.brucei cells in this study.
Targeting sequences consisting of only one copy of the 177 bp
repeat (either Type 1 or Type 2) have smaller regions of
homology at the vector ends (~90 bp) than those used to target
other genomic sites. There was concern that this situation
might result in aberrantly low rates of recombination for
vectors targeting this 177 bp repeat. Were this the case,
increasing the length of target homology would produce a
concomitant increase in gene targeting for this site. We
increased the 177 bp repeat targeting sequence length 3-fold
(three direct Type 2 repeats), making the vector ends of
comparable length to those of the rDNA spacer targeting
plasmid. However, this resulted in no increase in the
frequency of gene targeting (Fig. 4), indicating a true target
copy number independence for gene targeting, rather than an
artefact caused by target sequence length.

Furthermore, in this study we found no relationship between
length of target homology, either smallest arm length or total
length, and ef®ciency of transformation or integration for the
sequences tested. Also, the lengths of homology necessary for
ef®cient homologous recombination are much lower than for
Leishmania or mammalian cell cultures. These data are
consistent with the work of Shen et al. (41), who demonstrated

Figure 3. An alignment to show the heterology existing between 177 bp repeats. Sequences are: the original sequence described by Sloof et al. (25); the
`Type 1' 177 bp repeat (177-T1); the `Type 2' 177 bp repeat (177-T2). The Type 2 repeat sequence is identical to the consensus 177 bp repeat sequences
mined from the T.brucei genome sequencing project. Nucleotides differing from the sequence of Sloof et al. (25) are shaded.
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that in T.brucei targeting sequences of 50, 75 or 90 bp were
able to induce gene targeting with no signi®cant differences in
ef®ciency.

Transformation ef®ciencies for bloodstream form cells

The nuclear environment of the parasite in the bloodstream
stage of its life cycle is different from that of the insect mid-
gut stage. Prominent among the transcriptional changes are the
well-documented ones associated with expression of the major
surface proteins (reviewed in 42). Multiple sites of procyclin
transcription are down-regulated in favour of a single
subtelomeric VSG expression site (VSG-ES). Tight regulation
ensures that only one of the potential VSG-ESs is expressed at
one time, while reciprocal (cross-over) and non-reciprocal
(gene conversion) recombination events are used as ways of
switching the active VSG. There are also changes in chromatin

structure (43). For these reasons it cannot be automatically
assumed that data relating to homologous recombination in
PCF cells hold true in BSF cells. This statement is perhaps
particularly applicable when considering the MCs, which are
intimately linked with the process of VSG switching.
However, when we performed BSF transformation experi-
ments analogous to those performed for PCF cells, we found
the same independence of transformation ef®ciency and target
copy number. Three sites were targeted for BSF cells: the
rDNA spacer, the 177 bp repeat and VSG G4 (see Table 1). All
three sites showed the same frequency of gene targeting
(Fig. 5), although the average frequency of targeting was
much lower than for PCF cells, as is expected for BSF cells.

DISCUSSION

The effects of target copy number on the frequency of gene
targeting in T.brucei were assessed. Similar assessments have
been made in budding yeast (15), mammalian cells (44) and
Leishmania (14) using isogenic cell lines in which particular
genes had been ampli®ed. Since in such cells the targeting
sequence remains the same while the target copy number
varies, this method removes artefacts that could result from

Table 2. Lengths of targeting sequences used in constructs for the stable
transformation of T.brucei

Targeting sequence Length of targeting sequence (kb)a

LHS RHS

b-Tubulin 0.48 0.42
rDNA spacer 0.26 0.38
177 bp repeatb 0.09 0.09
3 3 177 bp repeat 0.27 0.27
VSG G4 0.36 0.53
VSG S8 0.83 0.28

aLengths of targeting sequence on the left-hand side (LHS) and right-hand
side (RHS) of the restriction site used for construct linearisation.
bRepresentative of both Type 1 and Type 2 repeats.

Figure 5. Ef®ciency of transformation of BSF cells when targeting genomic
sequences occurring at different copy numbers. Cells were transformed with
the plasmids shown in Figure 1. Targeting sequences were: rDNA spacer;
Type 2 177 bp repeat (177-T2); VSG G4. Data shown are from four
independent transformations performed for each targeting sequence.
Transformation ef®ciencies are expressed as number of stable transformants
per 106 cells at 16 h post-electroporation.

Figure 4. Ef®ciency of transformation (A and B) and ef®ciency of integra-
tion (C and D) in PCF cells when targeting different versions of the 177 bp
repeat. Cells were transformed with the plasmids shown in Figure 1.
Targeting sequences were: a single Type 1 repeat (177-T1); a Type 1 repeat
in the reverse orientation (rev 177-T1); a single Type 2 repeat (177-T2);
three direct Type 2 repeats (3 3 177-T2). Data shown are up to three
assessments of ef®ciency from each of up to three independent transform-
ations performed for each targeting sequence, as shown in (A) and (C). The
same data sets are shown in (B) and (D) as average ef®ciencies with
standard errors. Transformation ef®ciencies are expressed as number of
stable transformants per 106 cells at 16 h post-electroporation. Integration
ef®ciencies are transformation ef®ciencies divided by the proportion of cells
positive for GFP at 16 h post-electroporation and are expressed as number
of stable transformants per 1000 transfected (GFP-positive) cells.
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differences in targeting ef®ciency inherent to a particular
donor or target. However, studies using this method must
contend with the possibility that the act of gene ampli®cation
might alter the expression levels of proteins involved in the
homologous recombination pathway (see 14). Here, we used
the inverse approach: keeping the cell line constant and hoping
to control for possible consequences of a changing target
sequence.

Equal frequencies of gene targeting were observed in PCF
cells for ®ve genomic targets at copy numbers of one (VSG
S8), four (VSG G4), ~20 (rDNA spacer), ~40 (b-tubulin gene)
and >30 000 (177 bp repeat). The same was true in BSF cells
for a smaller number of targets (VSG S8, rDNA spacer and
177 bp repeat). As seen in S.cerevisiae (15), targeting did not
seem to be strongly in¯uenced by chromosomal context, since
sites on MBCs were as ef®cient targets as both low and high
copy sites on MCs. There were also no differences between
chromosome-internal and subtelomeric sites. We do not
believe that the targeting frequency of the high copy repetitive
element was being signi®cantly biased by heterogeneity
occurring in the repeat population which might reduce the
effective target copy number. The data supporting this
conclusion were two-fold: (i) database mining revealed a
high degree of homology between the repeats; (ii) changing
the targeting sequence to a version of the repeat occurring at a
different copy number did not affect the targeting frequency.
Nor do we think that repeat targeting was aberrantly low
because of short targeting ¯anks on the vectors, since
increasing the lengths of the targeting regions had no affect
on targeting ef®ciency. Indeed, we found no relationship
between the length of plasmid targeting sequence and
frequency of targeting for ¯anks ranging from ~80 to
~400 bp, adding to a similar observation made for targeting
sequences of 50±90 bp in length (41). We interpret these data
as demonstrating a true independence of frequency of gene
targeting and target copy number for T.brucei.

In budding yeast, the frequency of gene targeting has a
roughly linear dependence on target copy number, at least over
a limited window (15). Interestingly, the same copy number
dependence is seen when tandemly repeated genes on linear
amplicons of the protozoan parasite Leishmania are targeted
(although, interestingly, not for genes on circular amplicons)
(14). For these organisms, the search for homology is rate
limiting to gene targeting. The homologous recombination
machinery must ®nd a suitable locus for integration before the
input DNA loses its potency to some interfering process,
presumably degradation by nucleases. In contrast, and despite
having ~100-fold more genomic DNA to explore, mammalian
homologous recombination does not appear to be rate limited
by the search for homology: similar frequencies of gene
targeting are observed when targeting dihydrofolate reductase
genes present at 2 or 800 copies (44). This conclusion is
supported by an independence of homologous recombination
with respect to input DNA dosage (45,46). Our data suggest
that the protozoan T.brucei is not rate limited in gene targeting
by the search for a homologous sequence. This is a facet
T.brucei shares with mammalian cells and one that is not
shared by related parasites of the Leishmania genus.

It is unlikely that the pathways for gene targeting in
Saccharomyces, Leishmania, Trypanosoma and mammals are
fundamentally different. A more plausible explanation is that

differences exist in the levels and activities of proteins that
promote or interfere with the process of homology searching
during recombination. Factors that increase either the
longevity of input DNA or ef®cacy of searching would
allow the recombination machinery adequate time to explore a
suf®cient portion of the genome to prevent this step being rate
limiting. Trypanosoma brucei is an exclusively extracellular
parasite that evades the mammalian host immune response by
periodically changing the identity of its cell surface (reviewed
in 42,47). This antigenic variation is achieved by switching of
the expressed VSG gene, predominantly through recombin-
ation events occurring within the VSG expression site (48). In
contrast, the predominantly intracellular parasite Leishmania
does not undergo antigenic variation and does not rely on
homologous recombination for a known mechanism of
pathogenicity. Given these different dependencies on homo-
logous recombination, it is perhaps not surprising that, of the
two closely related parasites, T.brucei should be the one to
exhibit target copy number independence.

One other aspect of the data is worthy of note: that of
minimal target length. The data presented here, along with
those described by others (41,49), show that only short lengths
of shared homology between input DNA and plasmid are
necessary for ef®cient gene targeting in T.brucei, well below
those required in Leishmania (14). Blundell et al. (39) have
noted a paradox regarding trypanosomal gene conversion:
there is a preference for a high degree of homology between
donor and target DNA when transforming trypanosomes, yet
important recombinational activity around the VSG genes is
mediated by sequences that are rather divergent (reviewed in
47). At the 5¢ border, homology between most VSGs is
restricted to regions of very heterogeneous 70 bp repeats,
while homology at the 3¢ border consists of limited
subtelomere identity. However, it is possible that an organism
might ful®l both criteria if homologous recombination
required only small blocks of very high homology, as appears
to be the case for T.brucei.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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