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ABSTRACT
We describe here the stable transformation of
Trypanosoma brucei using a new selectable marker for
kinetoplastid protozoa, the Sh ble, or phleomycin,
resistance gene. A plasmid containing this gene
targeted to the tubulin gene locus by homologous
sequences was introduced into procyclic
trypanosomes by electroporation and cells selected for
antibiotic resistance. Southern analysis of stable
transformants showed that the plasmid had been
integrated into the tubulin locus by homologous
recombination. Analysis of bloodstream stage
transformants, produced by transmission through the
vector Glossina, showed that the resistance gene was
conserved and expressed in these forms in the absence
of selective drug pressure. In both procyclic and
bloodstream forms, transcription of the ble gene
appears to originate from the upstream tubulin
promoter, despite the presence of a VSG promoter in
the integrated construct. The generation of stable
bloodstream transformants for the first time will
facilitate the study of gene function and expression
during the trypanosome life cycle, and aid in the
investigation of genetic exchange in these organisms.

INTRODUCTION
Trypanosomes are kinetoplastid protozoa which frequently cause
disease in Man and domestic animals. They exhibit a number
of interesting and often novel mechanisms of gene expression
and control, such as RNA editing, transsplicing and polycistronic
transcription (for reviews see 1,2,3). Trypanosoma brucei is one
of the most intensively studied of this group. It has a digenetic
life cycle, alternating between a bloodstream stage in the
mammalian host and a procyclic stage in the tsetse fly vector
(4). Recently the techniques of stable transformation have been
successfully applied to the kinetoplastid protozoa, predominantly

members of the genera Leishmania (5-10) and Trypanosoma
(11-16). When linearized DNA constructs are used,
transformation occurs almost exclusively by homologous
recombination, which allows highly specific targeting of a chosen
gene locus (8-15). In the African trypanosome T.brucei two
selectable marker genes have been used to achieve stable
transformation of the procyclic life cycle stage; the neomycin
(11-13, 15) and hygromycin B (14) antibiotic resistance genes.
We descibe here the stable transformation of T.brucei using a
further selectable marker, the Sh ble, or phleomycin, resistance
gene (17), and the transmission of these transformants through
the insect vector, Glossina, to produce antibiotic resistant
bloodstream form trypanosomes for the first time.

MATERIALS AND METHODS
Trypanosomes
Maintenance of procycic trypanosomes: T.brucei strain EATRO
1125 were grown at 25-27°C in SDM-79 (18), or
Cunningham's, medium (19), supplemented with 15% inactivated
foetal calf serum and 10 jg ml-' gentamycin.

Fly transmission of stable transformants: Tsetse flies (Glossina
morsitans morsitans) were infected by allowing them to feed on
blood mixed with procyclic trypanosomes through artificial
membranes (20). Twenty one days post-infection, flies were
dissected and infected salivary glands were injected into mice.
Blood from mice which developed infections was passaged
repeatedly through mice and then rats at 3 day intervals to increase
virulence, before cloning in mice.

Plasmids
Plasmids were prepared by alkaline lysis and caesium chloride
density gradient centrifugation (21). The construct pPT was
derived from the plasmid pD5 (22) as follows: a 0.45 kb KpnI-
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NotI(blunt) fragment containing the Sh ble resistance (ble) gene
from the plasmid pUT58 (17) was ligated into KpnI-HpaI digested
pD5. A 5.3 kb BamHI fragment from the 3' end of the T.brucei
tubulin gene locus (23) was then inserted into a unique Bgll site,
just downstream of the ble gene. The resulting construct, pPT,
contains the VSG gene promoter, the ESAG 7 3' splice acceptor
site (22) and the ble gene, followed by the tubulin sequences (see
Figure 1B).

DNA and RNA analysis
The techniques of DNA and RNA isolation, Southern and
Northern blotting, and cDNA cloning were as previously
described (24). Sequencing of DNA fragments subcloned into
M13 vectors was carried out by the method of Sanger et al (25),
using a modified T7 DNA polymerase (Sequenase, United States
Biochemical Corporation). Run-on transcription assays were
performed using freshly isolated nuclei as described (26).

Transfection of trypanosomes
Procyclic trypanosomes were harvested in mid log phase,
pelleted, washed once with Zimmerman's Post Fusion Medium
(27), and resuspended in the same buffer at a concentration of
2.107 ml-l. Plasmid DNA (5-10 itg in 10-20 Al of sterile TE
buffer or distilled water), linearised at a unique PstI site at the
5' end of the interrupted beta-tubulin gene (Fig. IB), was added
to 0.5 ml of this suspension in an electroporation cuvette (0.4
cm electrode gap) and mixed thoroughly. After several minutes
incubation one or two pulses of 1.5 kv at 25 ltF were delivered
to the cuvette, using a BioRad gene pulser, resulting in 50-70%
cell mortality. Following a further five minute incubation, the
contents of the cuvette were transferred directly to a culture flask
containing 4 mls of SDM-79 or Cunningham's medium. All
electroporation steps were carried out at 4°C. Cells were left
for 18-36 hours post-transfection to allow growth to resume,
then diluted and the antibiotic phleomycin (Cayla, France) added,
usually at a concentration of 1.0 /tg ml-I (the ble gene confers
resistance to the bleomycin family of antibiotics, with phleomycin
the most effective against eukaryotic cells (17)). Transformed
cells could be positively identified after 7-10 days.

RESULTS
In order to avoid disrupting essential genes, and to maximise the
chances of successful integration (12), the construct containing
the ble gene was targeted to the tubulin locus, which consists
of a multiple array of alternating alpha- and beta-tubulin gene
repeats (23, 28-30). Procyclic trypanosomes were electroporated
with linearised plasmid DNA and selected for resistance to
phleomycin (17).

In a preliminary analysis, hybridisation of a ble gene spcific
probe to genomic DNA isolated from several transfected cell
lines, showed that these trypanosomes contained the ble gene.
One of these lines, ST3, was analysed in more detail (see Fig. 2).
Digestion with PstI alone gave a single band of 10.4 kb with
the ble probe, which also hybridised with the tubulin specific
probe (probe 1, Fig. 1B). A BamHI + PstI digest gave a single
band of 4.8 kb with the ble specific probe, consistent with the
restriction map of the construct (Fig. 1B), and generated 2 novel
tubulin specific bands; the 4.8 kb band and a second of 5.6 kb,
which represents the remaining integrated sequences. The
intensity of hybridisation to these bands suggested that there were
several copies of pPT in the genome. This was confirmed by
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Figure 1. Restriction maps of integration construct pPT and tubulin locus.
Abbreviations: a = alpha-tubulin gene, b = beta-tubulin gene, t =re nsposon-
like element, B = BamHI, E = EcoRI, H = HpaI, N = NcoI, P = PstI. Scale
of A and B is twice that of C. A) Wild type tubulin gene array showing alpha-
and beta-tubulin gene repeats, with the interrupted beta-tubulin gene at the 3'
extremity of the tubulin locus. B) Plasmid construct pPT used to target the tubulin
array. The small horizontal arrow indicates the position of the VSG promoter.
The solid black box represents the bk resistance gene. The black bars underneath
the construct indicate the probes used in the Southern analyses (1-tubulin probe
used in Fig. 2. 2-alpha-tubulin specific probe used in Fig.3. The same ble probe
was used in both Figs.). The restriction sites EcoRI and NcoI were used to generate
the ble gene specific fragment for the run-on transciption assays. C) Two possible
interpretations of the Southern data. Both involve two separate integration events.
The line under each of the two patterns indicates the extent of the integrated
plasmids. C1) Pattern 1 shows two tandem copies of the construct integrated into
each allele of the tubulin locus (2:2 arrangement). C2) Pattern 2 shows a single
copy integrated at the 3' end of the first allelic locus and 3 adjacent copies at
an internal position on the second allele (3:1 arrangement).

the BamHI digest, which revealed 3 ble specific bands of 10.4,
7.4 and 5.8 kb, and a fourth tubulin specific band of 8.4 kb.
The hybridisation intensity of the ble specific bands (2:1:1)
reveals that there are 4 copies of the integrated construct. In
addition, the size of the bands indicates that at least one copy
of the construct has been integrated into the interrupted beta-
tubulin gene at the 3' end of the tubulin locus (7.4kb fragment),
and that a second integration event has occurred at a PstI site
within an intact beta-tubulin gene (5.8 kb band). This suggests
that either two separate integration events have occurred in the
same trypanosome, or that the ST3 line is polyclonal. Two of
the 3 possible arrangements of the integrated constructs are shown
in Fig. IC. The first (Cl) shows two tandem copies of pPT in
both alleles of the tubulin locus, two at the 3' end and two intemal
(2:2 arrangement). The second (C2) has a single copy at the 3'
end and 3 internal copies (1:3 arrangement). The third (not
shown), is a reversal of C2 (3 at the 3' end and one internal;
3:1 arrangement).
To confirm that integration had occurred by homologous

recombination, the unique BamHI genomic fragments of 5.8, 7.4
and 8.4kb, which span the junctions of inserted plasmid and
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Figure 2. Southern analysis of transformed procyclic trypanosome line ST3.
Genomic DNA from wild type (left hand lane) and transformed (right hand lane)
procyclics, was digested with various restriction enzymes (indicated by the letters
above the panel) and hybridised to tubulin (Tu) and ble gene (Ph) specific probes
(probe fragments are shown in Fig. 1).

Figure 4. Transcripts from the ble gene. Northern blots of poly [A]' RNA from
transformed Oanes 2 & 4) and untransformed Oanes 1 & 3) procyclic Oanes 1
& 2) and bloodstream (lanes 3 & 4) form trypanosomes were hybridised with
probes specific for the bk gene (panel A), the actin gene (panel B) and the alpha-
tubulin gene (panel C).
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Flgu 3. Southern analysis of the fly transmitted trypanosome line ST3. Genomic
DNA from transformed mixed (1), transformed cloned (2) and wild type (3)
populations, was digested with various restriction enzymes (above panel) and
hybridised to ble gene (panel A) and alpha-tubulin gene (panel B) specific probes.

genomic sequences, were cloned in lambda EMBL12, and the
regions around the Pstl and terminal BamHI sites sequenced over
a distance of 2-300 bps. This confirmed that these junctions
were unaltered at the nucleotide level (data not shown), indicating
that integration had indeed occurred by homologous
recombination.

This transformed trypanosome line, ST3, was then transmitted
through tsetse flies and the resulting bloodstream forms cloned
in mice. Southern analysis of both the original population

emerging from the tsetse fly and the cloned line showed an
identical pattern of restriction fragments, consistent with the
integration of 3 copies of the PT plasmid into a beta-tubulin gene
at an internal position in the tubulin locus (Fig 3A); the diagnostic
evidence being the 2:1 ratio of the 10.4 and 5.8 kb BamHI ble
specific bands, and the absence of the 7.8 kb band indicative of
a 3' end insertion. The alpha-tubulin specific probe (probe 2;
Fig. 1B) also hybridises to these two bands, in addition to a third
8.4 kb band generated from the 5' end of the integration
(Fig. 3B). The fourth hybridising band, closest to the strongly
hybridising 3.8 kb tubulin repeat unit, is generated from the 3'
end of the wild tpe tubulin locus, and is also present in the
controls. This confirms that the original procyclic line ST3 was
not clonal, and that the line originating from the fly transmission,
as well as the clone derived from this line, contained 3 copies
of the plasmid integrated into an intact beta-tubulin gene, as
represented by the lower half of diagram C2 in Fig. 1.

Northern blots of poly[A] + RNA isolated from transformants
before and after fly transmission revealed the presence of a 1.3
kb transcript, which hybridised with a ble specific probe
(Fig. 4A, lanes 2 and 4), which was absent from control
cells(Fig. 4A, lanes 1 and 3). Transcript abundance appeared to
be similar in both life cycle stages (RNA loading checked using
the actin gene (31) as a control probe (Fig. 4B)). Hybridisation
with a tubulin probe showed that transcript levels were largely
unaffected by the presence of the endogenous sequences
(Fig. 4C). The size of the transcript suggested that the
polyadenylation site of the ble gene mRNA was located within
the tubulin intergenic region. This was checked by cDNA cloning
and sequencing of the 3' end of the transcript, which showed
that polyadenylation had occurred at the wild type beta-tubulin
polyadenylation site (position 1710 of the sequence in Kimmel
et al (30); data not shown).
Run-on transcription assays in isolated nuclei showed that both

the plasmid and the ble gene were transcribed in an alpha-amanitin
sensitive manner, in both procyclic and bloodstream stage
transformants (Fig. 5; compare lanes c and a in P-P and B-P).
As the VSG gene promoter directs alpha-amanitin resistant
polymerase activity (32), this suggested that transcription of the
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Flgure 5. Run-on transcription assays of the ble gene. Run-on transcription assays
were performed with nuclei from control procyclic forms (P-C), procyclic
transformants (P-P: integration at PstI site; P-M: integration at Mlul site), or
bloodstream transformants (B-P), obtained after fly transmission of P-P (see text).
Lane c: nuclei incubated in the absence of alpha-amanitin. Lane a: nuclei incubated
in the presence of 1mg ml-l alpha-amanitin. Lane u: cells irradiated with 60
Joules ofUV light prior to isolation of the nuclei (incubated as for control cells).
Run-on transcripts were hybridised to Southern blots of BamHI+EcoRI+NcoI
digested pPT (see Fig. 1). The interpretation of the bands is as follows: TRS
= 4.6kb NcoI-BamHI fragment containing the TRS and plasmid sequences. TUB
= 3.6kb EcoRI-NcoI fragment containing the tubulin sequences. VSG = 1.6kb
BanmHI-NcoI fragment containing the VSG promoter and ESAG 7 splice site.
PHL = 0.6kb NcoI-EcoRI fragment containing the ble resistance gene.

Table 1. In vivo phleomycin resistance of bloodstream form trypanosomes
containing the ble resistance gene

No. days post-infection
Treatment 2 4 6 8 10

T (+P) + +++ + 0 +
T(-P) + +++ + 0 +
C (+P) 0 0 0 0 0

Groups of 3 mice were inoculated with 2.106 trypanosomes (C-control, T-
transformed; (+P)-phleomycin treated, (-P)-untreated) and injected daily (day
0 to day 10) with phleomycin in aqueous solution (dose rate 3mg kg- 1). Thin
blood smears from each mouse were checked daily for trypanosomes and the
parasitaemia scored using a simplification of the method of Lumsden et al (45).
(0 = no trypanosomes in microscope field, + = 1-10, + + = moderate
numbers, + + + = teeming). Selection experiments were repeated several times
with similar results. Control, non-transformed, trypanosomes were shown to be
infective for mice.

integrated plasmid was not originating from the internal VSG
promoter, but from the upstream tubulin promoter. In order to
verify this, we measured the effect of UV irradiation on
transcription of the ble gene (see 26, for a detailed explanation
of this effect). Briefly, if this gene was transcribed from a
promoter located just upstream, there would be an accumulation
of ble gene transcripts due to a transient blocking ofRNA decay
under these conditions (26, 33, 34). However, as shown in Fig. 5,
there is an apparent inhibition of transcription following UV
irradiation (Fig. 5; P-P (u) and B-P (u)), as would be expected
for a trypanosome gene transcribed by a distant promoter. Thus,
the VSG promoter present in the construct was either inactive,
or its activity was too low to be detected. The same result was
obtained with a transformed procyclic line in which integration
was achieved using a unique MluI restriction site in the tubulin
intergenic region (Fig. 5; P-M).

Attempts to establish bloodstream stage transformants in
culture, in order to determine phleomycin resistance levels, were
not successful as the transformed cells would not multiply in vitro,
even in the absence of selective pressure. Therefore,
trypanosomes were selected in vivo in mice. Preliminary
experiments with control (AnTatl.3A) bloodstream forms,
revealed that phleomycin would suppress parasitaemia, provided
the initial inoculum was low (2.106 trypanosomes), and mice
were treated daily with antibiotic. Table 1 shows the result of
a typical selection experiment. The transformed cells showed a
similar parasitaemic profile in both phleomycin treated and
untreated mice. In contrast, untransformed bloodstream
trypanosomes were unable to grow in mice treated with this
concentration of antibiotic.

DISCUSSION
We have shown here that the ble gene can be used as a selectable
marker for procyclic T.brucei, and that these trypanosomes
continue to express the gene after transmission through the tsetse
fly vector. This is of particular importance for the study of
differential gene expession during the trypanosome life cycle
using transgenic techniques. The difficulty of transfecting
bloodstream form trypanosomes (22; DJ unpublished data) may
also be circumvented using this approach, in order to study the
function and regulation of genes which are expressed only at this
stage of the life cycle. In addition, these results open the way
to the development of a system for the study of genetic exchange
in trypanosomes. At present the non-obligatory nature of sexual
exchange in T. brucei means that the production of genetic hybrids
is time consuming and laborious (35). The ability to generate
large numbers of hybrids using selectable markers will allow a
more detailed analysis of genetic exchange in these organisms.
As reported by other workers (11-15), integration of

exogenous sequences was by homologous recombination. In the
procycic line ST3, two separate integration events had occurred.
One at the PstI site at the 5' end of an intact beta-tubulin gene,
within the tubulin gene cluster; and the second into the PstI site
at the 5' end of the interrupted beta-tubulin gene, present at the
3' end of the tubulin locus (23). Thus, the 700 base pairs of
homology downstream of the PstI site (23, 30) was sufficient
for integration into an intact beta-tubulin gene to occur. Indeed,
Eid & Sollner-Webb (15) found that 87 base pairs of homology
was all that was necessary for the second crossover event of
insertion into the T.brucei calmodulin gene locus, as long as there
was an extensive region of homology (6-7 kb) for the first
crossover.
As expected, there was no apparent disruption of tubulin

transcription due to the inserted sequences. Indeed, run-on
analysis indicated that transcription of the tubulin locus continued
through the plasmid, and that the VSG promoter within the
plasmid was silent, even after fly transmission. This is in contrast
to the results obtained by Lee & van der Ploeg (12) with a plasmid
containing the procyclin/PARP gene promoter, inserted into the
tubulin locus of T.brucei procyclic forms. Transcription of the
exogenous sequences was shown to be alpha-amanitin resistant,
which indicates that the procyclin/PARP promoter was active.
The reason for this discrepancy is not clear, as the VSG promoter
has been shown to be active in procyclic, as well as in
bloodstream form trypanosomes (22, 33). Insertion of the plasmid
PT into the tubulin locus at the MluI intergenic restriction site
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used by Lee & van der Ploeg (12), gave the same result as the
PstI integration (Fig. 5). However, in the transfonned procycic
line studied by these authors, there were at least 16 copies of
the plasmid inserted into the tubulin locus. Thus, it may be that,
in our case, the level of transcription from the VSG promoter
was too low to be detected. Alternatively, the procyclin/PARP
promoter used in (12) may contain an upstream transcription
termination region, not present in the VSG promoter fragment.
This hypothesis is consistent with two observations: firstly, the
VSG promoter region is smaller than that of the procyclin/PARP
promoter (22, 36-38); secondly, the procyclin/PARP promoter
appears to be positioned just downstream of a region transcribed
by a different RNA polymerase, which terminates in close
proximity to the procyclin/PARP promoter (33, 39, 40). In
contrast, the VSG promoter does not appear to be associated with
any upstream transcription units (41-44).
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