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THESIS ABSTRACT
The numerous minichromosomes (MCs) of the parasite Trypanosoma

brucei are intimately linked to antigenic variation — the parasite's main
mechanism of host immune evasion. These small linear chromosomes
carry a library of genes encoding immunodominant variable surface
glycoproteins (VSGs) that are expressed upon transfer to an active
expression site on a larger chromosome. Despite their importance in
antigenic variation, little is known of the structure of T. brucei MCs, or of
the elements that enable their segregation at mitosis. Moreover, their small
size and repetitive nature will largely exclude MCs from the ongoing

T. brucei genome sequencing project. Here, fine-resolution physical
mapping of individual MCs has been used to elucidate a canonical structure
for MCs consisting of a large central repetitive palindrome – making up
~60% of minichromosomal DNA – around which shorter non-repetitive
subtelomeric regions are appended. Analysis of endogenous markers of
individual MCs suggested that they are segregated with considerable
fidelity at mitosis. This view was strengthened by analysis of ectopically
marked MCs, which were generally very stable, regardless of the
transcriptional state of the inserted transgenes.
The transcriptional silence of endogenous minichromosomal loci makes
them potentially good sites for integration of exogenously regulated
constructs. Using tetracycline-responsive transgenes, integration at 3
minichromosomal sequences – a repetitive element and 2 VSGs – was
shown to give better regulation than that achieved at the commonly used
rDNA spacer loci. This may prove to be a valuable technology, particularly
in the light of the burgeoning use of inducible RNA interference systems in
the organism. Finally, by targeting genomic sequences on both MCs and
larger chromosomes occurring at vastly different copy numbers, it was
shown that the frequency of gene targeting in T. brucei is independent of
target-site copy number.
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PROLOGUE
The structure of this thesis perhaps deserves some comment. During the early days of
thesis planning it was apparent that, whilst my data had an overarching theme – the
minichromosomes of Trypanosoma brucei – they were actually composed of a number of
independent stories. Confining the thesis to a traditional introduction-results-discussion
format would have meant telling these stories concurrently, or frequently jumping
between them. I felt that this would make the thesis unwieldy and (unnecessarily)
tiresome to read. It is also far removed from the way the data would be presented for
publication in a scientific journal.
The data in this thesis are presented as a set of stand-alone articles as they might appear in
journals – each with its own introduction and discussion of relevant work. These papers
form the main bodies of Sections 2 to 6 of the thesis. Since each section contains its own
introduction, in place of a general thesis introduction Section 1 consists of a review (again
written for submission to a journal) which, it is hoped, will give some detailed
background to the later sections, but also be an interesting work in its own right.
Of course, some of the data generated during work toward a PhD are of the kind that
never quite make the grade for journal publication – the background data, the good ideas
that don’t quite work – but may nonetheless be informative to the thesis as a whole. To
accommodate this, background data has been appended to most sections in Additional
Information chapters. Furthermore, the thesis ‘Interlude’ carries 3 short stories of
relevance to the surrounding sections. These data undoubtedly influenced the work
presented in the rest of the thesis, but will probably never sit between the covers of a
reputable journal.
The hope is that this structure forms a more succinct, more stimulating whole, without
being so stringent as to exclude interesting data. Whether or not this goal is attained, the
reader will have to decide. It is also intended that, by adopting this style, the thesis itself
will be more ‘productive’ in terms of generating data for submission to peer-review
journals. At present, 2 of the papers in the thesis are published or in press (Sections 2 and
5, respectively), but it is intended that the rest will be submitted in the near future.
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ABBREVIATIONS
APE

apurinic/apyrimidinic endonuclease

ARS

autonomously replicating sequence

BAC

bacterial artificial chromosome

BSF

bloodstream-form

cDNA

coding DNA

CDP-star disodium 4-chloro-3-(4-methoxyspiro {1,2-dioxetane-3,2’-(5’-chloro) tricyclo
[3.3.1.13,7] decan}-4-yl) phenyl phosphate
CEN

centromeric DNA

CSPD

disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2’-(5’-chloro) tricyclo
[3.3.1.13,7] decan}-4-yl) phenyl phosphate

CZAR

cruzi-associated retrotransposon

ESAG

expression site-associated gene

gDNA

genomic DNA

Genie

Giardia early non-LTR insertion element

GFP

green fluorescent protein

IC

intermediate chromosome

LCTAS Leishmania conserved telomere-associated sequence
LINE

long interspersed nucleotide element

LST-R

Leishmania subtelomeric repeat

LTR

long terminal repeat retrotransposon

MBC

megabase-sized chromosome

MC

minichromosome

ORI

origin of replication

PCF

procyclic-form

PCR

polymerase chain reaction

PFGE

pulsed-field gel electrophoresis

pol I

RNA polymerase I

pol II

RNA polymerase II

rDNA

ribosomal RNA genes

RFLP

restriction fragment length polymorphism

RHS

retrotransposon hot spot

RIME

ribosomal inserted mobile element

RLE

retroposon-like element
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RT

reverse transcriptase

SINE

short interspersed nucleotide element

SL

spliced leader

SLACS

spliced leader-associated conserved sequence

SRE

spacer repetitive element

SSLP

simple sequence length polymorphism

SSR

simple sequence repeat

STIR

subtelomeric interspersed repeat

TARE

telomere-associated repetitive element

TAS

telomere-associated sequence

TcIRE

T. cruzi interspersed repeated element

tet

tetracycline

TRS

trypanosome repeat sequence

TUB

α/β-tubulin gene locus

UTR

untranslated region

VIPER

vestigial interposed retroelement

VSG

variable surface glycoprotein

VSG-ES variable surface glycoprotein expression site
VSP

variant-specific surface protein

ZPFM

Zimmerman post-fusion medium
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SECTION 1 – REVIEW

PREFACE TO SECTION 1
The main part of this section is in the form of a review of the repetitive elements in the
genomes of parasitic protozoa. We feel that a review on the subject is timely in the light
of the wealth of information on genome organisation emerging from the various parasite
genome projects, combined with what we saw as a relative dearth of reviews on their
repetitive quotient – the only review dedicated to the subject in recent years (of which we
are aware) is that of Requena et al. (1996, Parasitol Today, 12, 279-83) on Trypanosoma
cruzi repeats. The review is arranged thematically in an attempt to draw parallels between
the parasite species and to draw in information accumulated from work in other
organisms.
The Additional information chapter in intended to complete the lead-in to the subsequent
sections. It provides a brief synopsis of the electrophoretic karyotype of Trypanosoma
brucei.

Section 1
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Repetitive elements in the genomes of parasitic
protozoa

Bill Wickstead, Klaus Ersfeld, Keith Gull

ABSTRACT
Repetitive DNA elements have been a part of the genomic fauna of
eukaryotes perhaps since their very beginnings. Millions of years of
coevolution has given repeats central roles in chromosome maintenance
and genetic modulation. Here, we review the genomes of parasitic protozoa
in the context of the current understanding of repetitive elements.
Particular reference is made to repeats in 5 medically important species
with ongoing genome sequencing projects: Plasmodium falciparum,

Leishmania major, Trypanosoma brucei, Trypanosoma cruzi, and Giardia
lamblia . The story which emerges is one of opportunism and upheaval
which have been employed to add genetic diversity and genomic flexibility.

Keywords: Trypanosoma; Leishmania; Plasmodium; Giardia; repetitive DNA; satellite
DNA; microsatellites; minisatellites; retroelements.
Abbreviations: LINE, long interspersed nucleotide element; LTR, long terminal repeat
retrotransposon; RFLP, restriction fragment length polymorphism; SINE, short
interspersed nucleotide element; SSLP, simple sequence length polymorphism; SSR,
simple sequence repeat; VSG, variable surface glycoprotein; VSG-ES, VSG expression
site; VSP, variant-specific surface protein.
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1. INTRODUCTION
The dawn of the genomic age has understandably been dominated by the push for gene
discovery. However, to concentrate on the genes at the expense of all else is to miss a
wealth of biological information which is hidden in the repetitive portion of the genome.
‘Living’ (i.e. actively proliferating) repeats are dynamic elements which reshape their
host genomes by causing ectopic rearrangements, creating and destroying genes, shuffling
existing genes, and modulating patterns of expression. Repeats may also accrue functions
that are important to the day-to-day maintenance of chromosomes and so be a force for
genomic stability as well as instability. ‘Dead’ repeats (i.e. those which are no longer able
to proliferate) constitute a palaeontological record, which can be mined for clues about
evolutionary events and impetus. Also, the dynamic nature of repeats leads to a rapid
evolutionary divergence which can be used in species identification and phylogenetics.
Repeats can also provide passive markers for studying processes of mutation and
selection.
The genomes of the protozoan parasites, like all eukaryotic genomes, have been colonised
by diverse repetitive elements. As the coding and non-coding parts of the genomes have
coevolved, some of these repeats have become bound into nuclear processes, including
those that modulate virulence. Others have cut genomic niches away from conserved
coding regions that could be easily disrupted by their activity. The repeats of a parasite’s
genome, therefore – their presence and absence, their type, activity and location – can be
a window on the genomic organisation that enables parasitaemia.
Repetitive sequences can be artificially divided into two groups: interspersed repeats; and
tandemly repeated DNA. Interspersed repeats mainly represent inactive copies of
presently or historically active transposable elements of two classes (see [1, 2]): those that
transpose directly (DNA transposons) and those that require reverse transcription from an
RNA intermediate (retroelements). Retroelements can be further divided into longterminal repeat (LTR) retroelements including retroviruses and T y 1 /Ty3-like
retrotransposons, and non-LTR retroelements (often called retroposons) consisting of
short or long interspersed nuclear elements (SINEs or LINEs, respectively; [3, 4]).
Tandemly repeated DNA satellites are usually confined to specific chromosome locations
propagating by replicational slippage and gene conversion [5, 6]. The term ‘satellite
DNA’, originally defined by the behaviour of DNA in density gradients, has drifted
somewhat to include other tandemly repeated DNA elements, such as microsatellites and
Section 1

11

minisatellites. Microsatellites are small (usually <200 bp) clusters of repeats with unit
length generally <5 bp. Minisatellites form larger clusters (several kb) from larger repeat
units (5–25 bp). Macrosatellites are large regions (up to hundreds of kb) of repeats >25 bp
– this definition includes the original DNA satellites, although a macrosatellite need not
have an abnormal buoyant density. It is worth noting that the classification of elements as
interspersed or tandem is taxonomically not very rigorous. For example, the
‘interspersed’ element Alu, the most abundant SINE in the human genome, forms dense
clusters containing many direct (i.e. tandem) repeats [7].

2. THE REPETITIVE DNA CONTENT OF GENOMES
The repeat content of the genomes of the protozoan parasites is closely correlated to their
haploid genome size (for convenience, all genomic information in this work is given in
the context of ‘haploid’ genomes regardless of the typical ploidy, or sexual status of the
various organisms). The small genome of the Apicomplexan Theileria parva (10 Mb per
haploid), for example, is gene dense and contains virtually no repetitive DNA apart from
telomeric repeats and pseudogenes of a polymorphic protein family, Tpr [8]. Plasmodium
berghei, with its intermediate-sized genome of ~25 Mb, contains around 5% repeat
sequence [9], whereas in Trypanosoma cruzi (genome size ~40 Mb), DNA reassociation
kinetics indicate that 9–14% of total cellular DNA is highly repetitive and a further ~30%
is at least moderately reiterated [10]. Extrapolating from these data, we expect the
genome of Toxoplasma gondii (a hefty 80 Mb per haploid) to be extremely rich in
repetitive DNA. It is interesting then that, at present, few repetitive elements have been
identified in Toxoplasma [11-14]. This is due at least in part to the initial phase of the
T. gondii genome sequencing project being EST-based (see [15]) but may reflect a
reiteration of genes rather than non-coding DNA in these organisms.
The existence of genomes containing few or no repetitive elements demonstrates that
repeats are not necessary components in basic cellular processes (with the exception of
chromosome-end protection). This can encourage the view of repetitive sequences as
purely ‘parasitic’ or ‘junk’. However, this idea does not hold up to close scrutiny. For
example, when cyclically transmitted through mosquitoes, the repetitive portion of the
genome of P. berghei is ~5%, but this is drastically reduced during prolonged mechanical
propagation in mice [9]. Loss of repetitive DNA correlates with decreasing viability of
gametocytes [16]. This suggests that these repeats are either required for, or dependent
Section 1
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on, some essential process in the parasite’s lifecycle. In Trypanosoma brucei too, our
current understanding of the repetitive portion of the genome states that removal of
repeats would seriously curtail parasitaemia (see below). Thus, rather than being
freeloaders, some repeats may be maintained by positive selection.

3. DIVERSITY OF REPETITIVE DNA
Table 1 summarises the major repetitive elements identified in 5 medically important
parasitic protozoa. The most immediate point that can be made from such a list is one of
diversity. The genomes differ not only in the amount of repetitive sequence they possess,
but in the distribution, type and unit size of the repeats. No element is common to any two
organisms. Indeed, on the basis of sequence alone, no common origin to repeats in any
two organisms can be found, with the exception of limited homology between
Trypanosoma cruzi retroelement L1Tc and T. brucei RIME [17]. Hence, although T. cruzi
and T. brucei both possess a high copy number satellite DNA with a similar repeat size –
195 bp and 177 bp, respectively [18] – the two repeats share no significant homology and
differ in genomic location. Similarly, other repeats are entirely species specific – for
example, the TARE-2 and TARE-3 elements of P. falciparum [19] – or restricted to
closely related species – e.g. LST-RB1, specific to the Leishmania major (cutaneous)
complex [20]; or the Lmet2 repeat, specific to the L. donovani (visceral) complex [21].
There is also diversity within an organism – each species has been colonised by a variety
of repetitive DNAs most of which show no significant homology to other repeats of the
same organism.
There is one obvious exception to this rule of repeat diversity: the telomeric repeats.
Constrained by an essential role in chromosome maintenance and interactions with
various proteins, the sequence of the telomeric repeats is highly conserved (Table 2).
Telomeric repeats are fundamentally different to other repetitive elements and will not be
discussed further in this work (for reviews see [22-25]).
In spite of the lack of sequence conservation, the tangle of repeats identified in the 5
species can be teased out into 4 broad thematic classes on the basis of type and location of
repeat: 1. Subtelomeric satellites consisting of tandemly repeated elements of relatively
small unit size (mostly 10–100 bp) clustered near telomeres. Plasmodium and Leishmania
species contain large numbers of these elements; 2. Subtelomeric retroelements
breakbreakbreak
Section 1
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Alternative
names

50 bp repeat

29 bp repeat
70 bp repeat

76 bp repeat

Trypanosoma brucei

T

T
T

T

274 bp repeat; LSTRJ

272 bp
repeat

T
T

LST-RC
STIR1
T

T

LST-RB3

LST-RI

I
I

LiSTIR1-like
element; LST-RE

T

T

LST-RB1
LST-RB2

(TAS-A+TAS-B)

LST-RA

LCTAS

Leishmania major

T
T

Rep11
Rep20

Rep2; PfRep20; 21
bp repeat; TARE-6

T

23/28 bp
repeat
11
21

•
•

19
55
81
14
272

•
•
•
•
•

•

50

29
66–81

23
25

•
•

•

58

•
•
~100

23/28

•

2

2

Chr1,22

Chr1,22
Chr1,5,22

ND

Chr1,22
Chr1,22

Many

Many

ND
All

ND

Most
ND

Most

Most
Almost all

Most

Chromosomal
distribution

5 000

ND
ND

ND

All
All

ND
Chr1,5,22
(60 on Chr1)

ND

ND
ND

ND

ND
ND

ND

ND

ND
12 000

ND

ND
4 000
ND

12
17

T
T

12 bp repeat

2

•

T/I

TARE-4

TARE-5
17 bp repeat

692 bp repeat; 0.5
kb repeat

340
60

•
•

135
692

TARE-1
•
•

TARE-2
TARE-3

14 bp repeat

2 000

Unit size Copy
1
(bp)
number

T
T

ST

14 (28,42)

T

Type

•

Plasmodium falciparum

Name

Upstream of VSG-ES

Directly abuts telomeric repeats
Upstream of VSG genes

Most telomere-distal repeat

Specific to L. major (cutaneous) complex

Directly abuts telomeric repeats

P. falciparum specific; most telomeredistal repeat

Complex

P. falciparum specific
P. falciparum specific

Directly abuts telomeric repeats; forms
suprarepeats

Comments

[41]

[36]
[99, 101]

[20, 40, 35]

[20]

[20]
[20, 40, 119]

[20]

[20]
[20]

[20]

[20, 35]

[113]
[19, 37-39, 112,
113, 136-138]

[136]

[19, 136]
[136]

[19]

[19]
[19, 117, 135]

[19, 33, 34]

Refs.

I
I
I
I

RS1Tc
RLE

SRE1-3

TcIRE

I
I

E13
I
I

I

172 bp
repeat
E12

E22
C6

1 123

I

CZAR

RS13Tc

172

I

SIRE
LINE

SINE

I
I

430/500

43–145

1 439
317

~1 000
1 433

1 025

7 219

428

~5 000
2 326

195

L1Tc
VIPER

189

T

•

6 678

195 bp
repeat
LINE
5
LTR

LINE

5 200
494

36–41

1 800–
2 500
177

I

I

LINE
SINE

gene

189 bp
repeat

Trypanosoma cruzi

SLACS

I
I

ingi
RIME

TRS

T

NR-element

T

177 bp
repeat

Alu repeat

I

RHS
3

4

2 000

6

80–200

700
ND

1 400
250

3 000

900

200–800

6

700

500
70

20 000

40

9

200–500
200–600
(incl. ingi)

0–50 000

15 000

130

5

Associated with VIPER

Unusual ‘LTR’ element ; associated with
SIRE; dead retrotransposon

Diagnostic tool

Directly abuts telomeric repeats

Site-specific retroposon of SL-RNA gene

Contains a RIME element
Related to the LINE ingi

Copy number highly dependent on
4
strain

Several (not all)

ND

Most
ND

All
All

All

All

[143, 148, 149]

[146, 147]

[70]

[75, 76, 92, 143,
145]

[17, 143, 144]
[74, 75]

[18, 91, 92, 143]

[50]

[71, 142]

[66, 67, 139]
[139, 141]

[140]

[18, 36, 93]

[139]

2 forms: TcIRE(I) and TcIRE(II)

Associated with rDNA spacer

[152]

[143, 151]

[144]
[150]

[92, 143, 148]
[65]

Diagnostic tool; RS13Tc is a 5’-truncated [64, 143, 144]
form of E13

One chromosome Site-specific retroposon of SL-RNA gene
only
Several (not all)
Associated with rDNA spacer

All

Most
ND

Several (not all)

All

ND

Most
Most

Episomal

Clustered upstream of VSG-ESs;
hotspot for ingi/RIME insertion
MCs and ICs only Forms large repetitive palindrome on
MCs

ND

16

Genie1A
Genie2

GilT
GilD

T
I

T
LINE
LINE

LINE
•

•
6 000
3 019

5 470
ND
~30

~10
ND
ND

Most (not all)
Directly abutting telomeric repeats
Dead retroposon

Directly abutting telomeric repeats

[45, 46]
[45, 46]

[45, 46]

Estimated on the basis of GSS analysis [152].

Abbreviations: I, interspersed; T, tandem; LINE, long interspersed nucleotide element; LTR, long terminal repeat retrotransposon; SINE, short
interspersed nucleotide element; ST, subtelomeric; ND, not done. Plasmodium falciparum: TARE, telomere-associated repetitive element. Leishmania
major: LCTAS, Leishmania conserved telomere-associated sequence; LST-R, Leishmania subtelomeric repeat; STIR, subtelomeric interspersed repeat;
TAS, telomere-associated sequence. Trypanosoma brucei: IC, intermediate-sized chromosome; MC, minichromosome; RHS, retrotransposon hot spot;
RIME, ribosomal inserted mobile element; SL, spliced leader; SLACS, spliced leader-associated conserved sequence; TRS, trypanosome repeat
sequence; VSG-ES, variable surface glycoprotein expression site. Trypanosoma cruzi: CZAR, cruzi-associated retrotransposon; RLE, retroposon-like
element; SL, spliced leader; SIRE, short interspersed repetitive element; SRE, spacer repetitive element; TcIRE, T. cruzi interspersed repeated element;
VIPER, vestigial interposed retroelement. Giardia lamblia: Genie, Giardia early non-LTR insertion element.

Table 1. Major repetitive elements of the parasitic protozoa Plasmodium falciparum, Leishmania major, Trypanosoma brucei, Trypanosoma cruzi, and
Giardia lamblia. Repeats are annotated as to type: T, tandem; or I, interspersed; and those identified as LINEs, SINEs, LTR retrotransposons and
(pseudo)genes are indicated. Elements located exclusively in subtelomeric regions are indicated under ST. Repeats of the subtelomere are arranged
roughly in order of decreasing proximity to the telomeric repeats. ND indicates not done.
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Copy numbers are per haploid nuclear genome (estimated size: 25 Mb, 34 Mb, 25+10 Mb, 40 Mb, 12 Mb for P. falciparum, L. major,
T brucei, T cruzi, and G. lamblia, respectively). Note that current estimates of T cruzi genome size are much smaller than earlier estimates [10,
153], hence copy numbers presented here for repeats of this species are frequently smaller than those previously published.
2
Extrapolated from 8 sequenced chromosome-ends [19].
3
Our data from mapping MCs (see Section 3) suggest a smaller core of 177 bp repeats than the estimate in [36].
4
Copy number in strain TREU927/4 used for genome sequencing project is at lower end of range of abundance [140].
5
Unusual LTR retrotransposon-like element: reverse transcriptase domain is homologous to LTR retrotransposons from other species, but
structure is atypical and terminal repeats have not been identified [75].

1

(Genie1+771 bp
repeat)

GilM

Giardia lamblia

Organism

Telomere repeat unit

Refs

Plasmodium falciparum

TT[T/C]AGGG

[33, 138]

Leishmania major

TTAGGG

[35, 154]

Trypanosoma brucei

TTAGGG

[155, 156]

Trypanosoma cruzi

TTAGGG

[31, 50]

Giardia lamblia

TAGGG

[44, 157]

Table 2. Telomeric repeat units of the parasitic protozoa Plasmodium falciparum,
Leishmania major, Trypanosoma brucei, Trypanosoma cruzi, and Giardia lamblia.

– although tandemly repeated, the subtelomeric repeats of Giardia are different from
those of Plasmodium and Leishmania since they are active LINEs; 3. Interspersed
retroelements. The two species of Trypanosoma carry these elements in abundance. A
number have been identified as LINEs, and it is likely that the others are dependent
SINEs; 4. Chromosome internal satellites, such as the macrosatellites of the T. brucei
177 bp repeat and the T. cruzi 195 bp repeat.
Amongst the menagerie of repetitive elements in the genomes of protozoan parasites,
there are some noticeable absences – namely elements identified as either DNA
transposons or retroviruses. In eukaryotes, DNA transposons tend to be less common and
have shorter life spans within a species than retroelements. This can be explained by the
inability of the encoded transposase to distinguish between active and inactive elements.
As inactive copies accumulate in the genome, transposition activity becomes attenuated
and in due course the transposon will die. LINEs do not experience such severe
attenuation since LINE proteins associate predominantly with the RNA from which they
were transcribed (but see later discussion of SINEs). DNA transposons apparently survive
extinction by horizontal transfer to virgin genomes [26-28]. Retroviruses, too, propagate
by moving between genomes. It is interesting that these parasitic species which now live
in such intimate contact with metazoans, and in which metazoan transposons will
proliferate if artificially introduced [29], should keep genomes free of DNA transposons
and retroviruses. Perhaps this is a result of the tight control these organisms must
maintain on traffic at the cell membrane.
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4. LIFE ON THE EDGE: SUBTELOMERIC REPEATS
The subtelomeres of chromosomes are especially turbulent regions prone to nucleotide
loss and recombination. Generally, the central core of protozoan chromosomes remains
stable while the subtelomeric regions vary. Variability in these regions is responsible for a
major part of the large size polymorphisms observed between chromosome homologues
in parasitic protozoa [16, 20, 30-32]. Because of this variability, DNA elements
positioned at chromosomal margins are apt to live short lives unless they can expand
rapidly enough to offset the high rate of casualties. The frequent association of tandem
repeats with subtelomeric regions in various organisms demonstrates that these elements
make particularly good frontiersmen.
Figure 1 shows schematically the organisation of subtelomeres in 5 parasitic protozoa. It
can be seen that repeats proliferate in the subtelomeres of 4 of the 5 organisms. Three of
the organisms – P. falciparum, L. major and T. brucei – contain subtelomeric satellites
whilst Giardia carries retroelements at subtelomeres. The clustering of repetitive
elements at subtelomeres could be explained by selection against disruption of the central
coding regions by repeat insertion. The genomic organisation of Leishmania and
Plasmodium would certainly fit this paradigm: the major repeat elements of these
organisms are found exclusively in subtelomeric regions. Conversely, repetitive
subtelomeres could be positively selected – it has already been mentioned that the
subtelomeric repeats of P. berghei may be subject to a positive selection during cyclical
transmission through fly vector [9]. Alternatively, repeats may flourish at subtelomeres
simply because higher rates of recombination allow their proliferation. Most likely, a
combination of all these factors is at work.
A closer examination of the subtelomeric satellite repeats reveals that they do not
colonise the subtelomere randomly. A positional hierarchy exists, in which some repeats
directly abut the telomeric repeats whilst others mark the centromere-proximal border of
the region. In the first category are the 14 bp repeat of P. falciparum [33, 34], LCTAS of
L. major [20, 35] and the 29 bp repeat of T. brucei [36] – their telomere-distal partners
being Rep20 [37-39], the 272 bp repeat [35, 40] and the 50 bp repeat [41], respectively.
There are also differences in the chromosomal distribution of the various subtelomeric
satellites. For example, the LCTAS element common to all Leishmania species is present
at almost all chromosome ends, whereas elements such as LST-RB1 are much more
restricted in terms of chromosomal (and species) distribution [20, 35].
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Figure 1. Organisation of the subtelomeric regions of the parasitic protozoa
Plasmodium falciparum, Leishmania major, Trypanosoma brucei, Trypanosoma
cruzi, and Giardia lamblia. Telomeric repeats (blue circles) are on the right.
Leishmania major: (a ) chr1b; (b ) chr1a; and (c) unspecified chromosome.
Trypanosoma brucei: (a ) subtelomere containing a VSG-expression site; (b )
minichromosomal subtelomere. Giardia lamblia: (a) most common subtelomeric
organisation (b) rDNA repeat subtelomere. Not to scale. Adapted from [19, 20, 35,
40, 44-46, 112, 136, 158].
Abbreviations: ESAG, expression site-associated gene; LCTAS, Leishmania
conserved telomere-associated sequence; LST-R, Leishmania subtelomeric repeat;
RHS, retrotransposon hot spot; STIR, subtelomeric interspersed repeat; TARE,
telomere-associated repetitive element; VSG, variable surface glycoprotein. See
Table 1 for more information.
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Of course, chromosome-end sequences are only snapshots of subtelomeric organisation
because of the existence of dynamic relationships between subtelomeric repeats. A
parallel can be drawn with the Y’ elements of Saccharomyces cerevisiae, present in 1–4
copies at most subtelomeres [42]. At any one time an individual subtelomere may lack Y’
elements, but their mobility is such that virtually any chromosomal extremity is
susceptible to Y’ element acquisition [43]. A similar mobility has been observed for a
2.3 kb repeat of P. berghei subtelomeres [9]. It is likely to be the case that many of the
subtelomeric repeat satellite elements described are in a similar flux. Chromosomal
polymorphisms thus reflect not only expansion and contraction of chromosome-specific
repeats, but dynamic gain and loss of elements from other subtelomeres.
As mentioned earlier, the subtelomeric repeats of Giardia are different from the satellitetype repeats of the other species described. Most (although not all [44]) subtelomeres of
G. lamblia consist of tandem copies of active LINE retroposons (either GilM or GilT
elements) which directly abut the telomeric repeats and are oriented such that the reverse
transcription would have run toward the chromosome end [45, 46]. The organisation is
suggestive of a possible redundancy between the retroposon and telomerase activities.
Such a redundancy was the likely ancestor to the situation now seen in Drosophila, where
the role of chromosome-end protection has been entirely usurped by the retroposons
TART and its dependent HeT-A [47-49]. This is a prime example of a ‘parasitic’
repetitive element assuming a functional role within a genome.
Unlike the other 4 organisms, the subtelomeres of T. cruzi do not appear to possess large
tracts of subtelomeric repeats. Each chromosome end sequenced to date is capped by a
single copy of a 189 bp repeat followed by telomeric repeats [50]. Genes can be found
immediately centromere-proximal to the 189 bp repeat – no barren region is observed as
seen adjacent to Leishmania subtelomeric repeats.

5. SUBTELOMERIC SATELLITES AND GENE EXPRESSION
The possible function of subtelomeric repetitive regions remains unresolved. Most
accounts invoke an idea of a ‘spacer’ or ‘buffer zone’. Subtelomeric tracts may serve to
distance coding genes from aberrant expression experienced near the telomeres, whether
this be telomeric silencing as well-documented in yeast [51] or activation as associated
with specialised subtelomeric transcription in T. brucei or Borrelia [52]. Alternatively,
repeats might insulate conserved chromosome internal regions from the natural volatility
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of the subtelomere. The gene organisation of L. major provides support for such ideas of
a buffer zone; the telomeres are separated from coding regions by subtelomeric satellites
followed by a further non-repetitive barren region [40]. In P. falciparum, deletions of
subtelomeric repeats are associated with proximal gene inactivation [53].
Taming of the subtelomere, however, is only half the story. Some parasitic protozoa may
also harness the turbulence of these regions to modulate the activity of genes involved in
virulence. The best characterised example of this is in the antigenic variation of T. brucei
(reviewed in [54-57]). In this species, expression sites containing the major surface
proteins of the bloodstream form are located at subtelomeres (Fig. 1). The most telomereproximal of the expression site genes encodes an immunodominant variable surface
glycoprotein (VSG). Silent copies of VSGs are also found at the subtelomeres of
minichromosomes (Fig. 1) as well as at chromosome-internal loci. High recombination
rates between subtelomeres ensures a frequent change in the (single) expressed VSG, and
is combined with in situ switching of the transcribed VSG expression site (VSG-ES) to
achieve periodic changes in the parasite’s antigenic character.
P. falciparum also undergoes antigenic variation (see [58]). Unlike trypanosomal VSGs,
the var genes of Plasmodia – encoding immunogenic transmembrane proteins displayed
on the surface of schizont-infected erythrocytes – do not require subtelomeric locations
for expression [59]. Nonetheless, var genes, along with other divergent gene families rif,
stevor and Pf60, are predominantly subtelomeric. The purpose of this organisation may be
to promote recombination between var genes and thus encourage diversity. It has been
estimated that recombination rates for subtelomeric var genes are around 8-fold higher
than those of the genome as a whole [60]. Furthermore, as mentioned above, subtelomeric
repeats may also modulate the activity of proximal genes [53].
An involvement of subtelomeric repeats is not ubiquitous to antigenic variation in
protozoan parasites. Trophozoites of G. lamblia undergo antigenic variation both in vivo
and in vitro [61, 62]. However, genes encoding the variant-specific surface proteins
(VSPs) are dispersed throughout the genome and antigenic variation is not associated
with DNA rearrangements (see [63]). Interestingly, in the intracellular parasite T. cruzi –
which does not undergo antigenic variation (and also lacks subtelomeric satellites) –
subtelomeric regions are still associated with genes encoding members of the main
virulence factor family, gp85-sialidase [50].
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6. THE QUICK AND THE DEAD: RETROELEMENTS
Unlike Leishmania and Plasmodium species, the genomes of Trypanosoma cruzi and
T. brucei are riddled with interspersed elements. Combined, the elements E13 and L1Tc
are estimated to constitute ~13% of the genome of T. cruzi [64, 65], whereas ingi
occupies ~6% of the T. brucei genome [66, 67] (see Table 3). Four of the interspersed
elements of Trypanosoma species have the hallmarks of autonomous non-LTR
retroposons (i.e. LINEs). The mobility of non-LTR retroelements relies on a targetprimed reverse transcription reaction, in which the cDNA strand is synthesised from an
RNA template directly onto a chromosomal target site [68]. Thus LINE cDNA never
exists free from the chromosome, unlike cDNAs of LTR retrotransposons. Moreover,
complete integration then requires the participation of the cellular DNA repair/replication
machinery. These factors may explain the lack of evidence for horizontal transfer of nonLTR retroposons in the last 600 Myr [69].
The LINEs CZAR of T. cruzi [70] and SLACS of T. brucei [71] encode domains with
putative reverse transcriptase (RT) and restriction enzyme-like (REL) endonuclease
activities. Along with the CRE retroposons of Crithidia [72], these elements are members
of an ancient clade of LINEs which are site-specific for mini-exon (spliced leader) arrays.
Break
Rank

Repetitive
element

Organism

1

195 bp repeat

T. cruzi

2

177 bp repeat

3
4

Type

Copy
number

Total DNA
(kb)

Proportion
of genome

T

20 000

3 500

9%

T. brucei

T

15 000

3 000

8%

E13

T. cruzi

I

3 000

2 800

7%

L1Tc

T. cruzi

I

LINE

500

2 500

6%

ingi

T. brucei

I

LINE

400

2 000

6%

6

E22

T. cruzi

I

1 400

1 400

3.5%

7

E12

T. cruzi

I

900

1 000

2.5%

RS1Tc

T. cruzi

I

700

1 000

2.5%

9

TcIRE

T. cruzi

I

2 000

900

2%

10

Rep20

P. falciparum

T

12 000

250

1%

Table 3. ‘Top 10’ repetitive elements of the parasitic protozoa Plasmodium
falciparum, Leishmania major, Trypanosoma brucei, Trypanosoma cruzi, and Giardia
lamblia. Elements are ranked according to the proportion of the host nuclear genome
they are estimated to occupy. Abbreviations: I, interspersed; T, tandem; LINE, long
interspersed nucleotide element. The T. brucei circular extrachromosomal NRelement is not ranked, but may occupy up to 5% of nuclear genome. See Table 1 for
more information.
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No transcripts of CZAR, SLACS or CRE have been detected, but a transposition
frequency of ~1% per generation has been reported for CRE1 [72] and the occurrence of
intact conserved enzymatic domains suggests that these retroposons are, or have recently
been, transpositionally active.
According to the phylogeny of Malik et al. [69], the elements L1Tc of T. cruzi [17] and
ingi of T. brucei [66, 67], belong to the ‘I’ clade of LINEs which includes non-sitespecific I-elements of Drosophila (reviewed in [73]). These LINEs encode domains with
putative apurinic/apyrimidinic endonuclease (APE), RT, and RNAse H activities.
Transcripts of both L1Tc and ingi have been detected [17, 67]. In the case of ingi,
transcripts become much more abundant in bloodstream form cells due to the clustering
of ingi retroposons in the VSG-ESs.
If LINEs are genomic parasites, then SINEs are parasites of parasites (see [4]). Shorter
and simpler, SINEs do not possess the necessary genes for autonomous retroactivity, but
instead piggyback on the RT and endonuclease activities encoded by a related LINE.
Figure 2A shows the relationship between T. brucei ingi and RIME retroposons.
Homology at the 3’ end is typical between a LINE and its dependent SINE since it
enables the SINE to recruit the machinery necessary for its retrotransposition. It is easy to
see how a SINE can be born from incomplete reverse transcription of its parental LINE.
However, the ingi/RIME relationship is only one of many possible interactions of nonLTR retroposons; retroelements may pick up all kinds of passengers during periods of
active retrotransposition. Post hoc analysis of riders reveals that many are sections of
other retroelements (Figure 2B). How much of this is due to the likelihood of
encountering successful retroposons and how much the modules actually contribute to
each individual element’s fertility remains to be seen.
The composite structure of interspersed elements may help explain the unusual
retroelement VIPER of T. cruzi [74, 75]. The VIPER coding region shares significant
similarity with LTR retrotransposons and has no significant similarity to LINEs.
However, its structure is atypical of retrotransposons and it lacks the defining longterminal repeats. Instead the 3’ and 5’ ends of VIPER are composed of parts of SIRE – a
T. cruzi SINE element [76]. It is unclear who is using whom in this relationship. Has the
parental LTR retrotransposon of VIPER incorporated SIRE in place of terminal repeats,
or is SIRE the dependant of VIPER?
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Figure 2. Relationships between interspersed repetitive elements in Trypanosoma
brucei and Trypanosoma cruzi. (A) Homology between the T. brucei LINE ingi and its
dependent SINE, RIME. (B) Identified homologies between some interspersed
elements of T. cruzi.

SINEs exploit LINEs but are dependent on them, just as LINEs exploit the host genome.
An infectious agent can (to a certain extent) afford to kill any individual host in the
process of infecting others. However, SINEs and LINEs are captives and must live within
the means of their host. On the other hand, a silent retroelement can not remain fertile
indefinitely – an element must multiply fast enough to offset deaths through mutation and
recombination. This process leaves the corpses of individuals and whole families of
retroelements strewn across the genomes of affected organisms (see [7]). Giardia carries
a chromosome-internal LINE family, GilD, which has a copy number ~2-fold higher than
the 2 active subtelomeric retroposons GilM and GilT combined [45, 46]. However, this
element has blossomed and died – all copies contain multiple deletions, nucleotide
substitutions and frameshifts [45]. Similarly, live copies of T. cruzi VIPER have yet to be
found [75]. Of course, if SIRE is the daughter of another, still-living LINE, then VIPER
may prove to be mobile even after death.
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7. RETROELEMENTS AND RNA INTERFERENCE
RNA interference (RNAi) – the homology-dependent ablation of mRNA induced by
small double-stranded RNAs – has been demonstrated in many organisms, including
Drosophila [77], mammals [78], Caenorhabditis [79] and also protozoa [80, 81]. RNAi is
an endogenous mechanism for the post-transcriptional regulation of RNA levels which
appears to have a defensive role against viruses [82, 83] and unfettered transposable
element activity [84-86]. In C. elegans, genetic mutations which inactivate RNAi are
associated with activation of transposon mobility [86]. Transposable elements often
contain promoters for sense-strand transcription. However, as the element colonises a
genome, it is expected that it will become integrated downstream of external promoters in
both sense and antisense orientations. Cotranscription from such loci produces
complementary RNA capable of forming double-stranded RNAs and thus initiating an
RNAi response. In this way, any reasonably ‘successful’ nucleotide parasite experiences
negative-feedback that curtails its mobility.
Gene silencing by RNAi has been demonstrated in T. brucei [80, 81] and recently in
T. congolense [87] and P. falciparum [88, 89]. Contrastingly, RNAi against target genes
has not had any success in Leishmania despite many attempts (S. Beverley, personal
communication). The association of RNAi and transposable elements might explain the
demonstration of RNAi in trypanosomes, but failure in Leishmania. However, the
situation is more complicated than this simplistic view, since P. falciparum also has an
RNAi effect, but contains no identified transposable elements. One could speculate as to
the relative susceptibilities of sexual versus asexual organisms to colonising retroelements
(see [90]), but in the absence of more experimental data the situation remains unresolved.

8. SATELLITES AND SPECIALISATION
If the success of a repetitive element is measured purely in terms of DNA mass then the
macrosatellite repeats of trypanosomes are the real high flyers (see Table 3). The 195 bp
repeat of T. cruzi [18] is a chromosome-internal tandem repeat which is estimated to
constitute a full 9% of the nuclear genome [91]. Large rafts of the repeat occur on several
large chromosomes [92]. Such repeat regions are presumably propagated by replicational
slippage and gene conversion mechanisms as is the case for other satellites [5, 6], but
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unlike subtelomeric satellites, no function has been suggested for these vast repetitive
deserts.
Some of the best examples of tandem repeats with putative functions are found in
T. brucei. The 177 bp repeat of T. brucei [18], like the 195 bp repeat of T. cruzi, is
another extremely populous chromosome-internal satellite repeat (Table 3). However, it
shares no significant identity with the 195 bp repeat and has a totally different genomic
location. The 177 bp repeat is confined to the minichromosomes and intermediate-sized
chromosomes of the trypanosome [93]. These chromosomal classes are devoid of
housekeeping genes, carrying instead a library of subtelomeric VSG genes and VSG
expression sites for use during antigenic variation (see [94] and Fig. 1). The 177 bp repeat
forms a central core to minichromosomes that takes up ~60% of their length. The
minichromosomal core region seems to have an unusual palindromic structure in which
direct 177 bp repeats run in from both subtelomeres to an inversion point near the centre
of the chromosome. The ubiquitous nature of the 177 bp repeat to T. brucei
minichromosomes and the association of replication bubbles with the minichromosomal
core region [36], are suggestive of a function for this repeat in the maintenance of
minichromosomes and intermediate-sized chromosomes.
Other tandem repeats associated with particular genomic locations are the 50 bp and
70 bp repeats of T. brucei. The 50 bp repeat might be described as subtelomeric although
it may be tens of kilobase-pairs distal from the telomeric repeats [95]. The actual
association of the 50 bp repeats is with the VSG-ES and large tracts of the repeat have
been found upstream of the promoter in all VSG-ESs investigated to date [95, 96, 97]. It
could be that the repeats merely insulate the ES from promiscuous read-through of RNA
polymerase II – in which case they do so at a considerable distance from the
immunodominant VSG gene. However, this association is suggestive of a more direct role
for 50 bp repeats in the tight transcriptional control exerted on VSG-ESs in bloodstream
form cells. Whether and how these repeat regions are involved in this process remains to
be seen. It will be interesting to see how 50 bp repeats interact with the extra-nucleolar
VSG expression body [98].
The 70 bp repeat of T. brucei is found immediately upstream of VSG genes. Subtelomeric
VSG copies have arrays of direct 70 bp repeats of several kilobase-pairs in size, whilst
most copies of the more populous chromosome-internal VSGs possess a few repeat
copies. This conspicuous organisation makes 70 bp repeats an obvious site for
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homologous recombination instigating antigenic variation and indeed, recombination
events in these repeats is associated with VSG switching events [99, 100]. It was perhaps
surprising then, when McCulloch et al. [101] demonstrated that VSG-ES 70 bp repeats
are not essential for switching of the expressed VSG. However, removal or reorientation
of the 70 bp repeats in the active VSG-ES alters the proportion of switches occurring via
gene conversion events and the 70 bp repeats supply the homology necessary to access
the vast repertoire of VSG genes at minichromosomal subtelomeres or chromosome
internal locations [101]. Another interesting feature of the 70 bp repeats is that the repeats
are rather heterogeneous – very few long stretches of perfect homology exist between
arrays (see [54]). Divergence of ES sequences may provide an explanation for the variantspecific switching rates that are observed in T. brucei which result in the appearance of
VSGs in a statistically preferred order.

9. CENTROMERIC SATELLITES
No discussion of satellite DNA would be complete without the mention of centromeric
DNAs. The centromeres of human, D r o s o p h i l a,

Arabidopsis thaliana and

Schizosaccharomyces pombe are characterised by large tracts of tandem repeats
embedded in heterochomatic regions (reviewed [102-104]). In human and S. pombe, some
repeats are ubiquitous to all centromeres (although not restricted to them) and the same
may be true for Drosophila and A. thaliana. What is intriguing about the satellites – both
subtelomeric and chromosome-internal – of the parasitic protozoa discussed here is that
none of them are strong candidates for putative centromeric function: the subtelomeric
repeats of Plasmodia appear to be dispensable for mitotic function; the 50 bp repeats of
T. brucei are adjacent to strong transcriptional units; the 195 bp repeats of T. cruzi are
specific to only a subset of chromosomes; and the relatively large chromosomes of
G. lamblia (1–4 Mb) lack satellite DNA altogether. A possible exception is the 177 bp
repeat palindrome which may have a specialised function in the segregation of the
numerous small chromosomes of T. brucei. It has been suggested that telomeres might
function as centromeres in T. brucei [105], but in situ hybridisation analysis shows some
telomeric signal trails behind the majority of DNA during segregation [106].
Of course, a centromere does not have to be a large repetitive region – the point
centromeres of Saccharomyces cerevisiae being the extensively-studied example (see
[102, 104]). However, the centromeres of S. cerevisiae do not assemble kinetochores
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which are visible by electron microscopy [107], while the mitotic nuclei of P. falciparum,
Leishmania, T. brucei and T. cruzi possess ~100 nm long electron-dense laminar
structures that are most likely kinetochores [106, 108-111]. Around what sequences these
plaques are constructed is unknown.
Alternatively, the centromeres of these species may not be constructed around common
high-copy number sequence elements. The generation of completed sequence for
P. falciparum chromosomes 2 and 3 [112, 113] has led to the identification of putative
centromeres [113]. Both centromeres are extremely AT-rich (97% AT, compared to
~82% genome wide), and are composed of families of low-copy number divergent
tandem repeats. However, none of the repeat families is common to both chromosomes. It
is possible that, in these organisms, a variety of non-coding DNA is able to provide
necessary centromeric activity if the required epigenetic factors are in place.

10. USING REPEATS FOR PARASITE IDENTIFICATION, TRAIT
MAPPING AND PHYLOGENETICS
The diversity and dynamism of repetitive DNA can be a valuable asset to the
experimentalist. The hyperevolution experienced by repeats means that many are specific
to an individual species or a clade of related species. Moreover, some such repeats exist at
copy numbers several thousand times that of individual gene markers. These factors have
inspired the development of many diagnostic probes based on minisatellite DNA [21, 91,
114-116]. Restriction fragment length polymorphism (RFLP) analysis – combining repeat
hybridisation with analysis of the loci length – allows an even closer inspection of a
parasite’s origins, distinguishing between strains and aiding the analysis of genetic
crosses [13, 117-120]. The final level of information is accessed by sequencing repetitive
elements. Piarroux et al. [121] have used a repeat sequence to investigate the
phylogenetic relationships between Old World Leishmania species. For closely related
species, the number of informative sites in an alignment of rapidly diverging sequences is
much greater than for slow-moving phylogenetic standards such as 18S rDNA [122] and
even intra-species relationships can be investigated.
RFLP analysis superceded more time-consuming techniques, such as isoenzyme analysis,
as the method of choice for parasite strain identification and genetic analysis [123]. In its
turn, RFLP is being superceded by PCR-based simple sequence length polymorphism
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(SSLP) analysis, as has already occurred in the analysis of mammalian systems (see [124,
125]). Simple sequence repeats (SSRs) or microsatellites are a ubiquitous feature of
eukaryotic genomes [126], although their density varies between species. Genomicallyspeaking microsatellites are a local issue, not exerting the long-range influence that can
be associated with large satellites. They arise spontaneously by slippage during DNA
replication [5, 6]. Hence, the identity of a microsatellite depends largely on the base-pair
bias of a genome and the probability of a seed repeat occurring (i.e. less likely for longer
repeat units). In P. falciparum (82% AT) the microsatellites (T)n, (TA)n and (TAA)n
predominate [125, 127], whilst in L. major (37% AT) (CA)n, (AG)n, (TA)n, (AGG)n,
(CAG)n and (TGG)n have been described at multiple loci [128, 129]. SSLPs arise as the
microsatellites expand and contract over many generations. Unlike the minisatellites
which are often associated with specific polymorphic loci (e.g. the subtelomeres, the
VSG-ES), microsatellite ‘blooms’ are dispersed across the genome. As a result
polymorphic loci in one species are frequently monomorphic in related organisms [129].
One of the most exciting features of SSLP analysis is that it can feed off information from
the genome sequencing projects and expand to be a whole-genome approach.
Microsatellite markers can then be used to genetically map DNA sequences that
contribute to heritable phenotypes in any organism that undergoes sexual recombination.
Although trait mapping is not possible in asexual (or rarely sexual) organisms such as
Leishmania and Giardia, a high-resolution linkage map consisting of hundreds of
microsatellite markers has been developed for P. falciparum [125, 127].

11. THE GENOMIC ECOSYSTEM
The repetitive content of eukaryotic genomes has in the past often been reduced to 2
classes of repeat: ‘selfish’ repeats, considered to be purely parasitic in nature, such as
retroelements [130], and ‘altruistic’ repeats, with a clear functionality such as those
associated with centromeres. Recently, however, there has been a recognition that repeats
play integral parts in ongoing genomic evolution and can have diverse roles at different
times [2, 131]. This symbiotic relationship has expenses and benefits. This should be no
surprise, since in an evolutionary sense, any genetic element is purely selfish – no gene or
trait develops through predetermination. Elements which may have proliferated through
some ‘parasitic’ path may later prove to be ‘useful’ and become subject to selective
pressure [2, 132, 133].
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Generally a repeat will impart a greater changeability to any genomic region it colonises.
When an organism faces a changeable environment, the advantages of genomic flexibility
may outweigh the extra cost of replication and any mutagenising tendency exerted on
other genomic regions. Free-living bacteria have relatively large genomes with a high
content of repeated sequence and mobile elements. Contrastingly, obligate intracellular
bacteria experience a much more stable environment and have much smaller genomes
with few repeats and few or no transposable elements [134]. Thus, repetitive elements
may add an important genetic flexibility to the genomes of parasitic protozoa as well as
taking part in specific cellular functions.
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ADDITIONAL INFORMATION
Since the chromosomes of the protozoa do not condense sufficiently at mitosis to be
differentiated microscopically, the karyotype of Trypanosoma brucei is usually defined
on the basis of the electrophoretic mobility of whole-chromosome sized DNAs in pulsedfield gels. The nuclear genome is divided into 3 chromosomal classes (see Section 2):
megabase-sized chromosomes (MBCs), intermediate-sized chromosomes (ICs) and
minichromosomes (MCs). Figure 3 demonstrates the separation of these chromosomal
classes on pulsed-field gels. It also shows the occurrence of the 177 bp repeat on the
smaller chromosomes. The 177 bp repeat-hybridising band at ~180 kb is notable because
it does not have a visible counterpart on the ethidium bromide stained gel. The
distribution of the 177 bp repeat and the 180 kb band are revisited in Interlude II.

Figure 3. Analysis of Trypanosoma brucei strain 427 whole-chromosome sized
DNAs by pulsed-field gel electrophoresis. Hybridisation of DNA in the right-hand side
gel to the 177 bp repeat is also shown (see Section 3 for southern blotting method).
The main chromosomal classes are indicated: (MBCs) megabase-sized
chromosomes; (ICs) intermediate-sized chromosomes; (MCs) minichromosomes.
PFGE: 1% agarose (SeaKem Gold, FMC BioProducts) in 90 mM Tris-borate, 0.2 mM
EDTA, pH 8.2 at 12°C in CHEF Mapper apparatus (Biorad). Specific conditions: (left)
-1
142 hr at 2 V cm with 120° included angle and switching time ramped linearly
-1
18–42 min; (right) 42 hr at 4.6 V cm with 120° included angle, switching time
linearly ramped 8–15 s.
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SECTION 2 – KARYOTYPE

PREFACE TO SECTION 2
This section consists of a paper published in the journal Molecular and Biochemical
Parasitology early in 2001 (Alsford, et al. 2001 Mol Biochem Parasitol, 113, 79-88). The
paper contains data collected by myself and another PhD student, Sam Alsford, on the
Trypanosoma brucei minichromosomal karyotype. Since the data form a natural group, it
seemed more sensible to put the paper into the thesis whole, rather than trying to excise
my data and having to add extra introduction. Figures 1, 2 and 3 are Sam’s and form part
of his thesis (Alsford, NS. 1999 Gene expression and genome organisation in
Trypanosoma brucei, PhD thesis, Univ Manchester). These figures and the text relating to
them, therefore, should not be considered as contributing to the original work submitted
in this thesis. The remaining 3 figures are mine.
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Diversity and dynamics of the minichromosomal
karyotype in Trypanosoma brucei

Sam Alsford, Bill Wickstead, Klaus Ersfeld, Keith Gull

ABSTRACT
The genome of African trypanosomes contains a large number of
minichromosomes. Their only proposed role is in the expansion of the
parasites’ repertoire of telomeric variant surface glycoprotein (VSG) genes
as minichromosomes carry silent VSG gene copies in telomeric locations.
Despite their importance as VSG gene donors, little is known about the
actual composition of the minichromosomal karyotype and the stability of
its inheritance. In this study we show, by using high-resolution pulsed-field
electrophoresis, that a non-clonal trypanosome population contains an
extremely diverse pattern of minichromosomes which can be resolved into
less complex clone-specific karyotypes by non-selective cloning. We show
that the minichromosome patterns of such clones are stable over at least
360 generations. Furthermore, using DNA markers for specific
minichromosomes, we demonstrate the mitotic stability of these
minichromosomes within the population over a period of more than 5 years.
Length variation is observed for an individual minichromosome and is most
likely caused by a continuous telomeric growth of approximately 6 bp per
telomere per cell division. This steady telomeric growth, counteracted by
stochastic large losses of telomeric sequences, is the most likely cause of
minichromosome karyotype heterogeneity within a population.
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Keywords: Chromosome, Karyotype, Minichromosome, VSG, telomeres, Trypanosoma
brucei, Pulsed-field gel electrophoresis
Abbreviations: PFGE, pulsed-field gel electrophoresis; VSG, variant surface
glycoprotein.
Note: Nucleotide sequence data reported in this paper are available in the GenBank™,
EMBL and DDBJ-databases under the accession numbers AF294806 and AF294807

1. INTRODUCTION
The nuclear genome of Trypanosoma brucei consists of three chromosome classes
(reviewed in [1, 2]). The megabase chromosomes of this diploid genome contain the
expressed genes and form 11 homologous chromosome pairs [3]. The remainder of the
nuclear genome consists of the intermediate chromosomes and the minichromosomes.
The ploidy and function of the intermediate chromosomes is unclear, though they contain
variant surface glycoprotein (VSG) gene expression sites [4]. The 100 or so
minichromosomes, which are between 30 and 150 kb in size, constitute the group of
smallest chromosomes. The sequence of a minichromosome mainly consists of a 177 bp
tandem repeat, with the remaining sequence consisting of other repeats and a silent
telomeric VSG gene [5, 6]. Chromosome ends consist of typical eukaryotic telomeres.
The presence of VSG genes on minichromosomes has led to the suggestion that they act
as a reservoir of telomeric VSG genes which may be transferred to expression sites by
duplicative transposition [7, 8].
The organisation of megabase chromosomes and minichromosomes in the interphase
nucleus of the cultured procyclic trypanosome, and their subsequent behaviour during
mitosis, has been extensively characterised by fluorescence in situ hybridisation [9, 10].
During mitosis minichromosomes are associated with the mitotic spindle and disruption
of the spindle using the microtubule-depolymerising drug rhizoxin results in nonsegregation of minichromosomes. The analysis of minichromosome segregation at a
population level by FISH revealed the separation of the total minichromosomal
population into two equally sized daughter populations, suggesting a high degree of
fidelity of inheritance. There remains the problem of envisaging how so many
minichromosomes can be segregated on a small spindle that does not exhibit large
numbers of microtubules or kinetochores. A model has been proposed to explain how a
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faithful segregation of large numbers of minichromosomes could occur along the central
mitotic spindle [11]. In this model, minichromosomes are assumed to form lateral
associations with the spindle microtubules instead of the terminal associations seen in
classical kinetochore-mediated chromosome segregation.
Although the available evidence on a population level suggests that the minichromosomes
are segregated with a certain degree of fidelity, these observations are not sufficient to
make exact statements on segregation accuracy [12, 10]. In order to achieve this it is
essential to analyse the fate of individual minichromosomes over time in a defined
population of cells.
In this study we used high-resolution pulsed-field gel electrophoresis to analyse the
karyotype pattern of minichromosomes in clonal cell lines. In addition to employing
probes detecting the entire minichromosomal complement of a cell we developed markers
for specific minichromosomes in this population. We demonstrate that minichromosomes
are accurately segregated over time. We also describe a high degree of minichromosomal
diversity in non-clonal populations and provide evidence that this heterogeneity is
unlikely to be due to non-disjunction or chromosome loss but rather is a consequence of
size variations of individual chromosomes within the cells of the population.

2. MATERIALS AND METHODS
2.1. Limiting dilution cloning of procyclic T. brucei
Our laboratory stock of T. brucei strain 427– although originally a clonal line – has been
maintained in culture over a period of 10 years, during which time it has not been cloned.
Therefore, it was thought that the cloning of this population might reveal the degree of
fidelity with which the minichromosomes are segregated by analysing the stability of the
karyotype pattern. Sets of primary clones were produced by non-selective limiting
dilution cloning from a contemporary laboratory stock of strain 427 (1998 and 2000), and
from a sample that had been frozen in liquid nitrogen in our laboratory in 1993. All
primary clones were subsequently recloned to produce secondary clone pairs, with each
pair corresponding to a specific primary clone.
Procyclic stage cells of the culture-adapted 427 strain were cloned in the absence of
selective pressure by limiting dilution cloning in conditioned medium. Conditioned
medium was prepared as follows: procyclic-form cells were grown at 28ºC in SDM79
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[13] supplemented with 10% v/v foetal calf serum (FCS) to a density of approximately
1x107 cells ml-1. The culture was pelleted and then was supplemented with 10% v/v FCS,
filter sterilised through a 0.22 µm filter, stored at 4°C, and used within a week of
preparation.
For cloning, the culture was diluted to a final density of about 1 cell ml-1 in 20 ml
conditioned medium and transferred to a 96 well plate at 200 µl per well. After 7 days at
28°C, populated wells were inoculated into 10 ml SDM79 supplemented with 10% v/v
FCS and placed at 28°C. Primary clones were identified by the co-ordinate of their source
well (letter, row; number, column), and secondary clones were identified by the source
primary clone and their source well. Therefore, primary clone C10 was isolated from well
C10 of a 96 well plate, while secondary clone C10D4 was isolated from well D4
following the re-cloning of primary clone C10.
2.2. Pulsed-field gel electrophoresis
Chromosome blocks were prepared as previously described [3]. Pulsed-field gel
electrophoresis was carried out in a contour-clamped homogeneous electric field
apparatus (CHEF DRII or CHEF Mapper, BioRad). Chromosome separation was
performed in 1% or 1.5% agarose (PFGE grade, Amersham-Pharmacia Biotech) in
90 mM Tris-borate, 0.2 mM EDTA, pH8.2 (1xTB[0.1]E) at constant temperature with
buffer circulation. Specific conditions are described in the figure legends.
Concurrent electrophoresis of λ-concatamers (Promega) and EcoRI/HindIII digested λphage (Appligene) allowed T. brucei chromosome sizes to be estimated. Following
separation, chromosomes were stained in 2.5 µg ml-1 ethidium bromide for 30 minutes
and destained in distilled water for 30 minutes. Images were digitally captured under
300 nm UV illumination.
2.3. Southern blot analysis
Separated chromosomes were depurinated in 0.25 M HCl for 20 min, denatured and
transferred onto nylon membranes by standard procedures. DNA probes for the 177 bp
minichromosome repeat and the telomere repeat oligonucleotide were labelled with
digoxigenin as described [10, 14]. The 177 bp repeat-specific probe was hybridised in
EasyHyb-buffer (Roche Diagnostics) at 40ºC overnight and the final washes were carried
out in 15 mM NaCl, 1.5 mM sodium citrate (0.1xSSC)/0.1% w/v SDS at 60ºC. The
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telomere-specific probe was hybridised at 37ºC for 3 hours and the final washes were
carried out at 50ºC in 0.5xSSC/0.1% w/v SDS. To optimise detection of the less abundant
probes, we used UV-nicking (80 mJ at 250 nm) instead of depurination and transfer under
alkaline conditions in 0.4 M NaOH, 1.5 M NaCl. Blots were developed with an antidigoxigenin antibody (Fab-fragment) conjugated to alkaline phosphatase, and CSPD as a
chemiluminescent substrate (all from Roche Diagnostics).
2.4. Isolation of minichromosomal DNA
Chromosome plugs were prepared as described above. Electrophoresis was conducted in
a CHEF DRII unit (BioRad) at 120C and 200 V for 35 hr with a constant electrode
switching time of 300 s. Gels were 1% LMP agarose (SeaPlaqueGTG; FMC BioProducts)
in 1×TB(0.1)E. DNA was stained with 1 µg ml -1 ethidium bromide, destained and
minichromosomes were excised with a scalpel under 300 nm UV illumination.
Gel fragments were equilibrated in 10 mM Bis-Tris-HCl, 1 mM EDTA, pH 6.5 and
minichromosomal DNA was released by digestion with β-agarase I (New England
BioLabs) for 16 hr at 400C. The salt content of the solution was then adjusted with 10×
restriction buffer H (Roche Diagnostics) and the DNA digested with restriction
endonucleases EcoRI and XhoI for 5 hr at 370C. The rationale of choosing these enzymes
was the fact that they do not cut within the 177 bp repeat. Digested DNA was recovered
by ethanol precipitation and fragments of size 2–10 kb were selected by gel
electrophoresis and gel-purified (QIAquick gel extraction kit; Qiagen). DNA fragments
were then ligated into the cloning vector pBluescript SK II (+) (Stratagene). Positive
transformants were selected at random and the plasmid DNAs screened for hybridisation
to minichromosomal DNA immobilised on membranes. Clones of interest were
sequenced using the BigDye kit (Applied Biosystems).
The minichromosomal RNA pol I promoter as described by Zomerdijk and Borst [12]
was obtained by PCR using the oligonucleotides (5’-ACCGTAGCTCTCCACCCA) and
(5’-GCGCCTACGAGCTGTGAA).
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3. RESULTS
3.1. Clone-specific minichromosome PFGE karyotypes
Pulsed–field gel electrophoresis of a strain 427 laboratory stock of procyclic
trypanosomes revealed a characteristic pattern of megabase chromosomes and
intermediate chromosomes (Fig. 1). Under these PFGE conditions the minichromosome
population was present as an intensely fluorescent band at the bottom of the gel when
stained with ethidium bromide.
We subjected this trypanosome population, which has been grown virtually constantly
and has not been cloned within a 10 year window, to non-selective cloning by limiting
dilution. Analysis of the resulting clones presented essentially the same pattern for all
chromosomes at this level of resolution. Thus, under these gel conditions the karyotype of
the source population and all the resulting clones was indistinguishable. This is consistent
with previous findings, also based on PFGE analysis, that demonstrated the megabase
break

Figure 1. The molecular karyotype of the smallest megabase chromosomes of the
427 (1998) population and primary clones thereof. The patterns of source population
and clones are identical. The compression zone (CZ) contains unresolved megabase
chromosomes. The different classes of chromosomes are indicated (MBCs, small
megabase chromosomes (1–2 Mb); ICs, intermediate chromosomes (200–400 kb);
MCs, minichromosomes (30–150 kb)). Separation was carried out on a CHEF DRII
-1
apparatus (BioRad) in 1% PFGE agarose at 2.4 V cm in 1×TB(0.1)E at a constant
12°C, 1400–700 s switching time ramped linearly over 144 hr. The gel was stained in
ethidium bromide.

Section 2

48

chromosome karyotype of T. brucei to be stable over time in mitotically replicating cells
[15].
In order to analyse the minichromosome population in more detail we developed PFGE
conditions that allowed separation of the minichromosomes at high resolution. We
estimated this level of PFGE resolution to be ±1 kb. We analysed the above clones using
these conditions and we found a clear clone-specific PFGE karyotype for
minichromosomes (Fig. 2B). In contrast to the specific patterns of the clones it was
almost impossible to distinguish between individual bands of minichromosomes in the
uncloned source population. The complexity in the source population pattern was
therefore resolved into individual simpler clone-specific patterns. This complexity of the
original source population and the specific patterns resulting from cloning was also seen
when probing corresponding Southern blots with a telomeric oligonucleotide or with a
177 bp repeat DNA probe (Fig. 2B).
We repeated this analysis with a sample of the same 427 strain which has been kept
frozen in the laboratory since 1993 (Fig. 2A). The result was essentially the same: each
clone showed a specific, individual minichromosome pattern which was less complex
than that of the source population. None of the clones (n=18) from any of the populations
studied could be matched to any other clone.
It is also of interest that the heterogeneity of chromosomes within the population included
the intermediate-sized chromosomes (between 200–400 kb in size). Both the 1993 and
1998 derived clones revealed at least three different karyotypes with respect to
intermediate chromosomes. Clones D8, D11/E1 and F8/H11 (derived from the 1993
population) and clones A6/H4, B3 and F7/G6 (derived from the 1998 population) each
formed three distinct groups based on intermediate chromosome banding pattern.
The surprising diversity of minichromosome patterns within a population led us to
question the origins of this heterogeneity. Possible causes would include implicit diversity
within populations or dynamic events such as random loss or gain of chromosomes
during mitosis (non-disjunction events) or size variation of individual chromosomes.
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Figure 2. The minichromosome molecular karyotypes of primary clones derived from the 1993 (A)
and 1998 (B) source populations reveal that the original populations contain complex patterns of
minichromosome molecular karyotypes reflected in the different patterns of each derived clone.
Separated chromosomes were stained with ethidium bromide and subsequently blotted and
hybridised with the 177 bp minichromosome-specific repeat and the telomere oligonucleotide.
Lane M, 50 kb λ-ladder and EcoRI/HindIII digested λ. Separation was carried out on a CHEF DRII
-1
apparatus (BioRad) in 1.5% PFGE agarose at 5.3 V cm in 1× TB(0.1)E at a constant 12°C,
switching time 10 s and 20 s for 25 hr each.
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3.2. Origin and stability of the individual minichromosomal karyotypes
The stability of the minichromosome karyotypes was assessed by producing secondary
clone pairs from the 1998 population and maintaining them in culture for 120 days
(equivalent to approximately 360 generations).
A comparison of the minichromosome PFGE karyotypes of three secondary clone pairs
(derived from primary clones A6, F7, F8) at day 0 and 120 is shown in Fig. 3. This
comparison revealed that the minichromosome karyotypes were stable on secondary
cloning and further culturing for 120 days. Each identifiable band was maintained through
time, suggesting that the minichromosomes of a population were mitotically stable at this
level of resolution. The stability was reflected by all three analytical approaches: the
ethidium bromide patterns were identical as were the Southern blots probed with the
177 bp repeat DNA probe and with a telomeric oligonucleotide.
3.3. Stability and dynamics of individual minichromosomes
Even with PFGE conditions optimised to separate minichromosomes it is very difficult to
analyse the dynamics of an individual chromosome within the total population of
approximately 100 minichromosomes per trypanosome. Therefore, we identified DNA
sequences that occur only on a very small number or even an individual
minichromosome. From a genomic library constructed from gel-extracted and restricted
minichromosomal DNA we isolated DNA fragments and selected clones suitable as
minichromosomal markers based on hybridisation to PFGE-blots. Several DNA clones
were identified and some used for the experiments described below. Sequence analysis of
these DNA clones showed two (S8, G4) to be minichromosomal VSG genes and one
(ingi3) to be an ingi retroposon element.
The VSG S8 was used to probe PFGE blots of non-clonal T. brucei 427 source
populations derived from the 1993 frozen stock and from the 1998 lab maintained stock
(Fig. 4). Although some prominent bands were detected in each source population [50
and 55 kb in 427(93) and 70 kb in 427(98)], there was a wide spread of the hybridisation
signal and a clearly visible trail ranging from 30–70 kb. In addition there was a distinct
difference in pattern between the 1993 and 1998 source populations. We then analysed
the clones of the 1998 population (Fig. 4, clones as described in Fig. 3). In the clonal
populations only single discrete bands were observed. The size range of these bands fell
break
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Figure 3. Karyotypes of pairs of secondary clones derived from primary clones described in Fig. 2
were analysed by ethidium bromide staining and Southern blotting. The minichromosome
molecular karyotypes are stable over 120 days, which is equivalent to 360 generations.
Hybridisation of the transferred chromosomes with the 177 bp minichromosome repeat and the
telomere oligonucleotide revealed no changes in the MC molecular karyotype during 120 days of
growth. Lane M, 50 kb λ-ladder and EcoRI/HindIII digested λ. See legend on Fig. 2 for separation
conditions.
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Figure 4. Analysis of an individual minichromosome using the VSG S8 probe. the
two lanes on the left side of each panel show the ethidium bromide and VSG S8
hybridisation pattern of the non-clonal population 427 (frozen in 1993) and 427
(1998). The remaining lanes show the ethidium bromide pattern and hybridisation
pattern of pairs of clones with the VSG S8 probe. Note the trailing of the signal in the
non-clonal population and the resolution into single bands in the clonal populations.
Electrophoresis was conducted in a CHEF Mapper unit (BioRad) at 12°C and
-1
4.6 V cm for 42 hr. the included angle between electrode states was 120° and the
electrode switching time was ramped linearly form 8 to 15 s. gels were 1% SeaKem
Gold agarose (FMC BioProducts) in 1×TB(0.1)E. M, marker.

within the range of the hybridisation signals observed in the parental 1998 source
population. This indicated that individual minichromosomes in non-clonal populations
display a high degree of size polymorphism which can be resolved by cloning. Neither the
1993/1998 populations nor any of the derived clones (n=29, exemplified by the three
pairs of clones shown in Fig. 4) had lost the VSG, indicating a high degree of mitotic
stability over long periods of time.
To investigate the dynamics of size-polymorphism of individual minichromosomes we
compared clones before and after 120 days of growth in culture (Fig. 5). Here, it is
important to note that the cells which were grown for 120 days were not recloned prior to
analysis (preparation of PFGE plugs) but reflect the full heterogeneity which was
acquired over that period of time. After 120 days (equivalent to 360 generations) we
breakbrek
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Figure 5. Analysis of the stability of an individual minichromosome in clonal
population over time. A selection of three clones as described in Fig. 5 has been
grown over 120 days and analysed by probing with the specific probe, VSG S8. The
left panel shows the ethidium bromide staining and the right panel the corresponding
hybridisation . Note the shift of all hybridisation signals by approximately 4 kb, but
also the smear appearing underneath the major band of each clone after 120 days.
See legend on Fig. 4 for separation conditions.

noticed a size increase of the major band of approximately 4 kb in all clones analysed.
This corresponds to an increase of about 11 bp per generation. In addition, the band after
120 days was less defined and a signal trailed from this major band over a range of
approximately 20 kb in the case of the clones A6B8 and F7C4 and 2–3 kb for clone
F8D10.
It is interesting to note that we always observed only a single band in the
minichromosomal population carrying the VSG S8 gene. This may be evidence for a
single copy minichromosome. If, however, there are multiple homologous chromosomes
within this band then chromosome dynamic events on homologous chromosomes must be
co-ordinated or operate in parallel. In order to address the question of the frequency at
which minichromosomal sequence elements occur on these chromosomes we probed
CHEF-blots with a further VSG gene probe (VSG G4) and the ingi probe (ingi 3). Both
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sequences were recovered from the minichromosomal library as described above. On the
blots, the parental strain was compared with primary clones derived from this uncloned
source population (Fig. 6). In contrast to the VSG S8 gene, which appeared to be present
on a single minichromosome, the VSG G4 was present on multiple minichromosomes.
Depending on the clone up to 4 minichromosomal bands (e.g. clone 3) could be resolved.
All signals observed in the different clones fell within the range of the signal obtained for
the source population. In addition we used an rDNA promoter probe to investigate the
occurrence of this element in our trypanosome lab strain. Zomerdijk et al. [12] reported
an orphan rDNA promoter residing on two bands within a minichromosomal population.
We confirmed the presence of this ribosomal promoter on minichromosomes in our lab
strain of 427. In contrast to the observations made by Zomerdijk et al. we found,
however, that the promoter occurred on at least four minichromosomes. This is likely to
be due to the greater resolution of our PFGE conditions coupled with chromosomal size
variability. Interestingly, the VSG- and rDNA-promoter containing minichromosomes
cluster within a certain limited size window of the total minichromosomal population.
Whereas the VSG G4 containing chromosomes are between 70–100 kb in size the rDNA
promoter containing chromosomes are only 25–60 kb in size. Finally, we investigated the
distribution of the ingi3 element on minichromosomes. Ingis are retroposon-like elements
which have probably lost their ability to be mobile within the trypanosome genome [16,
17]. They are dispersed amongst all chromosome classes in T. brucei. Analysis of our
cloned 427 cell line revealed their presence on minichromosomes. Up to 5 distinct bands
were resolved (e.g. clone 4). However, their size distribution is non-random. In the source
population, three ingi clusters were found, ranging in size from 50–60, 80–100 and
130–170 kb, respectively. This clustering was not reflected in the overall ethidium
bromide staining pattern of minichromosomes (see Fig. 2 and 3). Possible explanations
for the observed non-random distribution of several markers among the minichromosomal
population could be an intrinsic qualitative difference between these chromosomes or the
acquisition of genes or other DNA elements such as ingis by a single chromosome with
subsequent duplications and size fluctuations.
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Figure 6. Analysis of clonal populations of trypanosomes using different DNA elements found on minichromosomes (VSG-G4 gene; ribosomal promoter;
ingi3). The left lane in each panel contains the DNA from the uncloned parental populations from which clones 1–7 are derived. PFGE conditions were
as described in Fig. 4.

4. DISCUSSION
The genome of salivarian trypanosomes species undergoing antigenic variation is
characterised by the presence of minichromosomes [18-20]. The identification of nontranscribed telomeric VSG genes on minichromosomes led to the hypothesis that they
serve as a reservoir for these genes [18]. Recent work on the prevalence of various
genetic mechanisms leading to VSG expression site activation in Trypanosoma brucei
lends support to this hypothesis by showing that minichromosomes serve as major donors
of telomeric VSG genes during duplicative gene conversions [8].
The genome of T. brucei contains approximately 100 minichromosomes. In order to
maintain this minichromosome population and reservoir of VSG genes a mechanism able
to provide fidelity of mitotic segregation over long periods of time appears likely to exist.
In a previous study we have shown that minichromosomes are, in principle, segregated
via the typical eukaryotic chromosome segregation mechanism which includes the
dependence of segregation on an intact mitotic spindle [10]. Although possibly different
in detail from the classical chromosome-spindle association this observation provides a
mechanism whereby minichromosomes can be stably segregated during mitosis [11].
Whereas these findings were based on cytological observation this present study was
designed to analyse karyotype patterns within a population over time in a more detailed
manner.
In order to have defined starting populations to conduct this investigation we cloned
individual cells of the T. brucei 427 strain. Using PFGE we showed that the pattern of
megabase chromosomes was indistinguishable between clones and their source
populations. However, the separation of minichromosomes at high resolution revealed
clone-specific patterns. We found a high level of minichromosome karyotype
heterogeneity within a population but of the eighteen clones analysed none had a pattern
identical to any other clone. The technique of using high-resolution PFGE of
minichromosome populations to study clonality is likely to be of use in many other
studies of population analysis in trypanosomes.
What could be the causes of this variation within a population? Variability as a result of
sexual recombination events was unlikely because recombination as a consequence of
mating [21] is thought to occur only in the natural vector, the tsetse fly, and has never
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been described in mitotically replicating, cultivated procyclic trypanosomes [15].
Moreover, mating events would be reflected by a Mendelian inheritance pattern within
the megabase pair chromosomes of clonal populations, which was not seen. Extensive
loss and gain of chromosomes as a result of non-disjunction during mitosis could not have
been ruled out a priori but was unlikely to occur on this scale as it would inevitably lead
to extremely heterogeneous populations in terms of the total number of
minichromosomes. This has never been observed. Also, our finding of a single VSG S8
chromosome band in every clone (n=29) from the population argues against nondisjunction.
To analyse remaining possibilities for the basis of this karyotype heterogeneity of
minichromosomes in more detail we constructed a minichromosome-enriched genomic
library and screened for DNA clones which hybridised to distinct minichromosomes on
PFGE-blots. We identified one clone (S8) that hybridised to only one of the
minichromosomes. Using this clone to analyse several clonal populations we showed that
a) the marker is stably maintained in all of the clones and in their parental populations b)
the heterogeneity observed using ubiquitous DNA markers (177 bp repeat, telomere
oligo) was reflected in size variations of this single chromosome, and c) over time (120
days, 360 generations) a consistent size increase of approximately 4 kb was observed for
the chromosome carrying this marker gene. This equals an increase in size of around
11 bp per cell division. In addition to a size increase of the dominant band within a given
population the hybridisation pattern showed a trailing signal, indicating some cells in the
population had undergone a decrease in size of this chromosome.
It has long been observed that the telomeric ends of the megabase chromosomes exhibit a
linear growth rate of approximately 6–10 bp per cell division [22, 23]. A more detailed
recent analysis has confirmed these findings and calculates a growth rate of about 8 bp
per division [24]. These calculations of telomeric growth agree well with our observed
growth rate for minichromosomes of approximately 6 bp per telomere per cell division. A
similar telomeric growth rate has been found for artificial minichromosomes [25]. The
amount of size variation of the VSG-S8-carrying chromosome (~13 kb per telomere) is
also comparable to that observed for telomeres of megabase chromosomes [26, 24]. Both
the megabase chromosomes and the minichromosomes have identical telomere sequences
(T2AG3)n and it is therefore very likely that the same telomerase complex which acts on
large chromosomes also maintains minichromosomal telomeres. It has also been shown
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that the steady and slow growth of telomeres is occasionally counteracted by large
deletions of telomeric DNA [23]. In contrast to continuous telomere growth this
“telomere catastrophe” is a stochastic event. The most plausible explanation of the
minichromosomal growth over time is therefore the gradual increase in telomere length.
Although we cannot rule out recombination events as an additional cause of size variation
in minichromosomes, our consistent observations of a steady and directional growth at a
constant average rate in all of the clones examined argues against recombination as a
major contributing factor.
Our investigations relate only to mitotically propagating procyclic trypanosomes. It will
therefore be interesting to study the involvement of minichromosomes in genetic
exchange occurring as a result of mating between trypanosomes in the tsetse fly. A high
degree of genetic exchange of minichromosomal DNA would certainly contribute
efficiently to VSG gene repertoire variability in populations. The general stability of
patterns in procyclics is important as it suggests that individual minichromosomes are not
retained by a potential selective pressure occurring in VSG-expressing bloodstream
forms.
We have shown that an uncloned population of T. brucei cells exhibits a considerable
heterogeneity of minichromosomal PFGE karyotypes which is resolved on cloning into
simpler clone-specific patterns. The complexity of the minichromosome karyotype of the
parental populations is thus derived from a superposition of a large number of simpler
subpopulations. Clone-specific patterns were stable over at least 360 cell generations in
culture. We have also demonstrated that a VSG gene, marking an individual
minichromosome, is stably maintained in populations separated by 5 years and also
inherited by all clones derived from these populations. This indicates that individual
minichromosomes are replicated efficiently during the cell cycle and are segregated with
high fidelity during mitosis. Analysis of this individual chromosome over time revealed
that long-term size variations of chromosomes are the most likely cause of
minichromosome karyotype complexity. The origin of these variations is most likely
telomeric size fluctuations and shows that telomere dynamics of minichromosomes and
megabase chromosomes in T. brucei are comparable.
A previous report suggested that minichromosomes are stably inherited [12]. In that
investigation a minichromosome was tagged by recombining a neomycin resistance gene
downstream of an orphan, but functional, ribosomal promoter. When cells were grown in
Section 2

59

the absence of neomycin, antibiotic resistance was nevertheless retained over at least 130
generations. However, another report, where a similar tagged minichromosome was used
(hygromycin resistance was used instead of neomycin resistance) showed that the
hygromycin gene was lost with a half life of approximately 14 generations in the absence
of selection [27]. Even though both studies used different assays, it is difficult to provide
a resolution of the different outcomes. However, both studies were based on the
behaviour of an artificially modified minichromosome which was forced to be
transcriptionally active, a situation which may not normally be found on these
chromosomes. Our data suggests that endogenous, unmodified minichromosomes are
mitotically stable.
Finally, we turn to the question of minichromosomal ploidy. Minichromosomes have
often been regarded as being aneuploid. Also, there is one reference that describes the
presence of an orphan ribosomal promoter on two minichromosomal bands [12]. These
authors carefully rehearsed that one possible explanation for observation was the presence
of two homologous minichromosomes. When we re-examined our 427 strain of T. brucei
for the presence of the ribosomal promoter on minichromosomes we found, under PFGE
conditions optimised for minichromosomal separation, at least four distinct bands
carrying this promoter. Using two additional minichromosomal VSG probes (S8 and G4)
we detected one and four bands, respectively, for these probes. In the case of the ingi3
retroposon-like element, which was also found on minichromosomes, we distinguished at
least five bands within the minichromosomal size range. We therefore also conclude that
there is currently not sufficient evidence to decide the question of minichromosomal
ploidy within this complex genome.
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SECTION 3 – STRUCTURE

PREFACE TO SECTION 3
This section contains data on the structure of minichromosomes, based mainly on
physical mapping. The internal structure elucidated has some intriguing features that
should be of interest to a general molecular biology audience and so the main body of the
section consists of a paper aiming at publication in a journal such as Molecular and
Cellular Biology or Journal of Molecular Biology, although it has yet to be submitted. In
my opinion, the weakest data relate to the inversion point isolation (chapter 3.4), which
suffers from a bias toward imperfect palindrome isolation (this is acknowledged in the
paper). While this isn’t central to the thrust of the paper, I am considering trying to
tighten this data a little before submission. A technique for removal of PCR-template
palindromy, such as bisuphite treatment (see Paulin, et al. 1998 Nucleic Acids Res, 26,
5009-10), should solve the issues raised.
The first 2 figures of the Additional Information chapter (Figs. 11 and 12) are designed to
accompany the main paper, if published. They show a map and full sequence of the
construct pGad7. This plasmid is several steps removed from the construct pMig71,
generated by Dr Miguel Navarro (Departamento de Biologia Molecular, Instituto de
Parasitologia y Biomedicina, C/ Ventanilla 11, 18001-Granada, Spain), which is itself
several steps removed from the nearest published sequence. It was therefore impractical
to include a full lineage for the plasmid and this map and sequence data are a substitute
for that information. Unfortunately, a full plasmid sequence – so effective as an electronic
resource – is a whole lot less helpful on the printed page. I think there is still sufficient
information in the paper and the map to satisfy the curiosity of most readers.
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Additional figures 13 and 14 are ‘thesis-specific’ and will not accompany any published
paper. They contains a set of Southern blots showing integration events into
minichromosomes. Although not very stimulating to look at in their own right, these cell
lines containing marked minichromosomes were the workhorses of Sections 3 to 6.
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The minichromosomes of Trypanosoma brucei
are imperfect palindromes

Bill Wickstead, Klaus Ersfeld, Keith Gull

ABSTRACT
The minichromosomes (MCs) of the parasite Trypanosoma brucei are
important to its pathogenesis, yet will be almost entirely excluded from the
sequence generated by the genome sequencing project. This is due in part
to their containing large amounts of repetitive DNA. We have used ectopic
markers to produce fine-resolution restriction maps of 16 MCs. This
revealed a canonical structure in which ~60% of the MC was composed of
177 bp repeats organised into a central core region. Around this core were
shorter subtelomeric regions containing VSG genes and telomeres identical
to those of the larger chromosomes. The 177 bp repeat core contains the
minichromosomal origin of replication and possibly centromere. Further
analysis revealed the core region to be a large repetitive palindrome, which
may reveal the origins of the MCs. It is unclear as to whether inverted
symmetry is functionally important to trypanosomal MCs.

Keywords: Trypanosoma; Chromosome structure; Inverted repeats; Palindromes;
Minichromosomes
Abbreviations: ARS, autonomously replicating sequence; BAC, bacteria artificial
chromosome; CEN, centromeric DNA; GFP, green fluorescent protein; IC, intermediate
chromosome; MBC, megabase-sized chromosome; MC, minichromosome; ORI, origin of
replication; PCR, polymerase chain reaction; PFGE, pulsed-field gel electrophoresis;
rDNA, ribosomal RNA genes; UTR, untranslated region; VSG, variable surface
glycoprotein; VSG-ES, VSG expression site.

Section 3

65

1. INTRODUCTION
African trypanosomes of the species Trypanosoma brucei are extracellular protozoan
parasites of the mammalian bloodstream. They survive for long periods in the host
bloodstream though a process of antigenic variation involving periodic switching of the
major cell surface protein, variable surface glycoprotein (VSG; reviewed in [1-4]). To
facilitate this important survival mechanism, there exists in T. brucei a highly specialised
gene organisation that includes a large number of minichromosomes (MCs). The presence
of such MCs is intimately linked to VSG switching – only Kinetoplastidae that undergo
antigenic variation possess MCs.
The nuclear genome of T. brucei can be divided into 3 chromosome classes (reviewed in
[5, 6]). The megabase-sized chromosomes (MBCs) are 0.9–6 Mb in size. They are diploid
and form 11 homologous pairs which show considerable variation in size both between
homologues and between strains [7]. All of the housekeeping genes of the organism are
contained on MBCs, and VSG expression sites (VSG-ESs) are found at most, if not all,
telomeres. The intermediate chromosomes (ICs) are 200–700 kb in size. They number
between 1–7 in most strains and are of uncertain ploidy. Little is known of the function of
this class of chromosomes except that they share repetitive elements with MCs but, like
MBCs, contain VSG-ESs. There is some debate as to whether ICs constitute a separate
chromosome class. The minichromosomes (MCs) are small (30–150 kb), linear and very
numerous. A population of ~100 MCs, comprising ~10% of the nuclear DNA, is
maintained by T. brucei solely as a means of expanding the number of available telomeric
VSG genes (VSGs). Loci from this repertoire of MC VSGs, despite being fewer in number
than MBC-internal VSGs, are preferred genes for antigenic switching events early in
parasitaemia [8]. Apart from VSG genes and telomeric repeats (higher eukaryotic
{TTAGGG}n repeats), MCs are composed predominantly of a 177 bp satellite sequence
[9]. They are also transcriptionally silent – V S Gs of minichromosomal origin only
become expressed upon duplicative recombination into an active VSG-ES.
Central to the role of MCs in T. brucei pathogenesis is the diversity of VSGs they carry.
During nuclear division, MCs are segregated via interactions with the mitotic spindle
[10]. This segregation proceeds with considerable fidelity – markers for individual MCs
are stable over long periods of time [11, 12]. Such a situation allows the parasite to
maintain a great diversity within the population of MCs (and hence within the library of
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VSGs it contains) which could never be achieved by random segregation. What is
puzzling about such segregation is that the mitotic spindle contains too few microtubules
for there to exist classical terminal-attachments of spindle microtubules to each of the
abundant MCs. This has led to a proposal of segregation mediated by lateral interactions
between MCs and the spindle [13].
Given their central importance to the trypanosome’s primary strategy for immune
evasion, surprisingly little is known of the structure of T. brucei MCs. Minichromosomal
DNA will be largely absent from the sequence generated by the ongoing T. brucei
genome sequencing project (reviewed in [6]). Whole chromosome approaches, in which
DNA from individual MBCs is isolated by pulsed-field gel electrophoresis, obviously
miss MC sequence. DNA of minichromosomal origin is also entirely absent from the nonchromosome specific BAC library constructed for the project (data not shown). The cause
of this is two-fold: 1. telomere-proximal sequences are underrepresented in such libraries
due to lower cloning probabilities. MC DNA is effectively ‘double telomere-proximal’
sequence at BAC resolution (average insert size ~140 kb). 2. The highly repetitive nature
of MCs greatly reduces the chances of creating suitable restriction enzyme cuts for BAC
cloning and makes transmission of MC sequence through bacteria unlikely. For the same
reasons we expect MC DNA to be absent from P1 libraries. Minichromosomal DNA does
appear in the whole-genome sheared plasmid library developed for the sequencing
project. However, the low coverage of this library and homology of repeats renders it
impossible to construct large contigs from such sequence. For these reasons, other
approaches must be used to investigate MC structure.
Here, we have used gene targeting to introduce exogenous plasmids at various positions
along individual T brucei MCs. We used these markers to create fine-resolution
restriction maps of MCs, identifying regions of 177 bp repeat and non-repetitive DNA. In
this way the structures of 16 independent MCs were elucidated, revealing a canonical
organisation for MCs consisting a of large central core of 177 bp repeat sequence with
short non-repetitive sub-telomeric regions and 2–30 kb telomeres. Though repeat DNA
was in great abundance, we found the central 177 bp repeat core to make up ~60% of
total MC DNA, lower than the estimate of >90% made elsewhere [14]. Since this central
region is also the origin of replication [14], this implies that the 177 bp repeat initiates
DNA replication. We also show that the central core is a large repetitive palindrome with
an point of inversion around the centre of the MC.
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2. MATERIALS AND METHODS
2.1. Targeting constructs
The plasmids used in this study are similar in structure to the pHD430 vector described
by Wirtz and Clayton [15] and have the structure shown in figure 1. All are derived from
a construct we have named pGad7. This root vector contains a polycistron encoding GFP
and a hygromycin-resistance marker under the control of a tetracycline-inducible
procyclin EP gene promoter [15]. UTR sequences are an EP splice-acceptor sequence and
aldolase 3’-UTR for the GFP gene; and actin splice-acceptor sequence and 3’-UTR for
the hygromycin-resistance marker. Upstream of the promoter is a small multi-cloning site
to accommodate targeting sequences. Downstream of the polycistron are 2 T7 terminator
sequences and a recognition site for the meganuclease I-SceI. A map and full sequence of
pGad7 are available as Additional Information and a detailed lineage can be obtained
from the authors.
Targeting sequence in pGad8-177t1 consisting of a single ‘forward’ 177 bp repeat with an
ectopic BamHI site was produced in 2 halves by PCR from a T. brucei strain 427 gDNA
template: ~90 bp-sized DNA from a PCR using the primers CTGGAGCTCTAAATGGTTCTTATACGAATG and CGGGATCCTATTGCACACATTAAAAGTT; and ~90 bpsized DNA from a PCR using the primers CGGGATCCTTAATTACAAGTGTGCAACA
and GACCTCGAGTTAACACTAAAGAACAGCGTT. These were digested with SacIBamHI and BamHI-XhoI, respectively, and used in a 3-way ligation with SacI-XhoI
digested pGad7. The ‘reverse’ 177 bp repeat in pGad8-rev177 was produced from pGad8177t1 by PCR with the primers GACCTCGAGTAAATGGTTCTTATACGAATG and
CTGGAGCTCTTAACACTAAAGAACAGCGTT. The PCR product was digested SacIXhoI and ligated into SacI-XhoI-digested pGad7.
VSG-G4 targeting sequence was produced in 2 halves by PCR from gDNA; primers
CTGGAGCTCTTCTCGCATTAAAGCCAC and CGGGATCCCTTGCAACCTGTTTCATC, and CGGGATCCCAACTGAAGTCAGGGCAA and GACCTCGAGACAGTTCGTCGATGCTTG digested SacI-BamHI and BamHI-XhoI, respectively. Ligation
into SacI-XhoI-digested pGad7 gave pGad8-V4. V S G-S8 targeting sequence was
produced

from

a

single

SacI-XhoI

digested

PCR

using

the

primers

CTGGAGCTCTCCAGCAAACGAGCGGAT and GACCTCGAGGCCTCCAGCTTGAGTTTG and gDNA template. This was ligated into SacI-XhoI-digested pGad7 to
Section 3

68

produce pGad8-V8. A unique PvuII site in the VSG-S8 gene obviated the need for extra
restriction sites to be engineered into this sequence.
2.2. Cell lines and transformations
Procyclic form (PCF) cells were cultured at 28°C in SDM-79 [16] supplemented with
10% v/v foetal calf serum (FCS). Cells used were T. brucei strain 427 culture-adapted
cells expressing the tetracycline repressor and a phleomycin resistance marker (Bleor)
from the tubulin locus. This ‘PTP’ cell line was produced by P. Bastin (Laboratoire de
Biophysique, Muséum National d’Histoire Naturelle, 43 rue Cuvier, 75231 Paris cedex
05, France) at the same time as the previously described PTH cell line [17] and was
generated by the transformation of PCF 427 cells with linearised pHD449 vector [18]
followed by selection with 2 µg ml-1 phleomycin. The PTP cell line was cloned before
transformation with MC-targeting vectors to reduce heterogeneity in the MC karyotype.
Transformations were achieved by electroporation of cells in the presence of linearised
vector as in [19]. Post-electroporation, cells were allowed to recover in normal growth
media for 16 hr with induction (1 µg ml-1 tetracycline), after which time a portion (~10%)
of the cells were plated into 96 well plates at 2 × 104, and 2 × 103 cells well-1 in the
presence of selective drug (20 µg ml -1 hygromycin B). The remaining cells were
maintained as a population with selective drug (20 µg ml-1 hygromycin B).
2.3. DNA preparation and pulsed-field gel electrophoresis
Genomic DNA for PCR was isolated from strain 427 T. brucei procyclic cells as in [20].
Whole chromosome-sized DNAs were prepared in agarose plugs as described in [21]. For
digestions, DNA up to ~200 kb in size was isolated as follows: ~5×10 8 cells were
harvested from actively dividing culture by centrifugation (1500 g, 10 min). Cells were
washed once by resuspending in 10 ml ice-cold 140 mM NaCl, 3 mM KCl, 10 mM
sodium phosphate, 2 mM potassium phosphate, pH 7.4 (PBS), recentrifuged and then
resuspended in 0.5 ml PBS. Cells were lysed by addition of 6 ml 2.5 M LiCl, 4% v/v
Triton-X100, 50 mM Tris-HCl, 63 mM EDTA, pH 8, mixed by inversion and incubated
for 5 min at room temperature. A first removal of proteins and carbohydrate was made by
extracting this solution against an equal volume of 1:1 phenol:chloroform. The aqueous
fraction was recovered and nucleic acids precipitated with 2 vol. ethanol, incubation on
ice 10 min and centrifugation 4000 g, 20 min. The pellet was washed in 70% ethanol and
dissolved in 0.6 ml 10 mM Tris-HCl, 50 mM EDTA, pH 8. DNA purity was improved by
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digestion with 150 µg ml-1 RNAseA for 1 hr at 37°C then 300 µg ml-1 proteinaseK for
2 hr at 50°C. Finally, the solution was extracted against 1:1 phenol:chloroform, then DNA
precipitated with isopropanol and redissolved in 10 mM Tris-HCl, pH 8.
PFGE was carried out in a contour-clamped homogeneous electric field electrophoresis
apparatus (CHEF DRII or CHEF Mapper, Biorad). DNA separation was performed in 1%
agarose (SeaKem Gold, FMC BioProducts) in either 90 mM Tris-borate, 0.2 mM EDTA,
pH 8.2 (1×TB[0.1]E) or 45 mM Tris-borate, 1 mM EDTA, pH 8 (0.5×TBE) at constant
temperature with buffer circulation. Specific conditions were: (Fig. 2, 3A and 3B) 42 hr at
constant 4.6 V cm-1 in 1×TB(0.1)E at 12°C, 120° included angle, switching time ramped
linearly 8–15 s; (Fig. 3C) 17 hr at constant 5.8 V cm-1 in 1×TB(0.1)E at 12°C, 120°
included angle, switching time ramped linearly 8–15 s; (Fig. 4) 15.5 hr at constant
5.3 V cm-1 in 0.5×TBE at 14°C, 120° included angle, switching time ramped linearly
1–8 s. Following separation, DNA was visualised by staining for 15 min in 1 µg ml-1
ethidium bromide, rinsing in water and then exposure to ~300 nm UV light.
2.4. Southern blot analysis
DNA in stained PFGE gels was prepared for transfer by UV nicking (80 mJ, 250 nm UV).
Gels were equilibrated for 15 min in 0.4 M NaOH, 1.5 M NaCl and then transferred to
positively-charged nylon membrane (Roche) by overnight capillary transfer in the same
solution. After transfer, membranes were neutralised with 0.5 M Tris-HCl, pH 7.
Fluoroscein-labelled probes were generated by a random-priming (Gene Images kit,
Amersham) from the following unlabelled DNA: pGad7 uncut plasmid; 0.7 kb fragment
containing GFP obtained by HindIII-EcoRV digestion of pGad7; 1 kb fragment
containing Hygr obtained by ClaI-XbaI digestion of pGad7; pGEM-4Zf+ uncut plasmid;
177 bp repeat DNA prepared from genomic DNA by PCR with the primers
CTGGAGCTCTAAATGGTTCTTATACGAATG and GACCTCGAGTTAACACTAAAGAACAGCGTT.
Hybridisation was performed overnight in 0.1% w/v SDS, 5% w/v dextran sulphate, 5%
v/v blocking solution (Amersham), 750 mM NaCl, 75 mM sodium citrate, pH 7 at 60°C.
Blots were washed to a stringency of 0.1% w/v SDS, 30 mM NaCl, 3 mM sodium citrate,
pH 7 at 62°C. Hybridised probe was detected by treating membranes with an antiFluorescein alkaline phosphatase-conjugated antibody followed by thorough washing and
addition of the chemiluminescent substrate CPD-star (Amersham). If reprobing was
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desired, membranes were stripped by washing twice for 10 min with just-boiled 0.3% w/v
SDS, 0.3 M NaOH, followed by neutralisation with 0.5 M Tris-HCl, pH 7.
2.5. Inversion point isolation
Size-selected whole-chromosome DNA (30–40 kb, 60–70 kb and 90–100 kb) was
isolated from 1% low-melting temperature agarose pulsed-field gels separated for 24 hr at
constant 5 V cm-1 in 1×TB(0.1)E at 12°C, 120° included angle, switching time ramped
linearly 8–15 s. Agarose slurry was used as template in PCR with the ‘forward’
orientation primer CGGGATCCTTAATTACAAGTGTGCAACA: 95°C 2 min; {95°C
15 s, 50°C 15 s, 72°C 3 min}×8; {95°C 15 s, 50°C 15 s, 72°C 2 min}×8; {95°C 15 s,
50°C 15 s, 72°C 1 min}×14. Equivalent PCR with a ‘reverse’ orientation primer
(CGGGATCCTATTGCACACATTAAAAGTT) gave no specific product. PCR
amplicons of the sizes indicated in figure 8A were isolated from agarose gels, digested
with BamHI and ligated into pBluescript SK+ for sequencing (BigDye sequencing kit,
Perkin-Elmer).
2.6. Database mining
Sequence data were produced by the Institute for Genomic Research (9712 Medical
Center Drive, Rockville, MD 20850) and the Pathogen Sequencing Group at the Sanger
Institute (Wellcome Trust Genome Campus, Hinxton, Cambs, CB10 1SA) and can be
obtained from ftp://ftp.tigr.org/pub/data/ and ftp://ftp.sanger.ac.uk/pub/pathogens.
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Figure 1. Anatomy of vectors used in this study to ectopically mark T. brucei
minichromosomes. Vectors differ only in the targeting sequence used. Targeting
sequences were: ‘forward’ 177 bp repeat; ‘reverse’ 177 bp repeat; VSG-G4 and
VSG-S8. The recognition site for the extremely rare-cutting endonuclease I-SceI is
shown. A unique ApaI site exists immediately adjacent to this site.

3. RESULTS
3.1. Integration into MCs
At present, there are very few markers for individual chromosomes in the MC population.
For this reason we introduced ectopic markers to MCs which would facilitate
interrogation of chromosome structure. This was done by targeting integrative plasmids to
sequences occurring on MCs. Figure 1 illustrates the anatomy of the integrative vectors
used in this study. The vectors encode a drug resistance marker for selection of integrants.
They also contain the recognition sequence for the rare-cutting endonuclease I-SceI. The
probability of any one MC containing an innate recognition site for this enzyme is
extremely small (~10-4 before compensating for the highly repetitive nature of MC
sequence).
We targeted integrative vectors to 4 minichromosomal sequences. Two minichromosomal
VSG genes were targeted: VSG-G4 and VSG-S8. These genes were identified previously
in a search for MC-specific DNA-elements and occur on 4 and 1 MCs, respectively [12].
We also targeted insertion vectors to the very high copy number 177 bp repeat sequence.
Hybridisation evidence suggests that this repeat is found on all, or nearly all, MCs and is
also a marker of ICs. Data from the genome sequencing project show that the repeat also
occurs on MBCs, though at a much lower copy number. The 177 bp repeat was targeted
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in both orientations. Since the 177 bp repeat is not detectably transcribed, we know of no
intrinsic directionality to the repeat. However, for clarity, in this study we have adopted
the following nomenclature: vectors in which the 177 bp repeat as published by Sloof et
al. [9] runs in the same direction as plasmid GFP (and Hygr) transcription are said to
contain a ‘forward’ orientation repeat; those in which the Sloof et al. sequence runs
antisense to GFP transcription contain a ‘reverse’ repeat.
Figure 2 exemplifies the targeting of integrative vectors to the MCs of a cloned T. brucei
cell line. The cell line was cloned before transformation to reduce the heterogeneity in the
parent MC karyotype associated with telomere-length variability [12]. A population of
transformants in which the 177 bp repeat was targeted shows integration into many MCs
and also into ICs (Fig. 2A). The distribution of integration conforms closely with the
distribution of 177 bp repeat (Fig. 2A; note that insertion of plasmid increases the size of
a MC by ~6 kb). This population represents many transformants resulting from single
integration events, rather than a few transformants with integration at multiple sites –
clones taken from the population had plasmid sequence on only one chromosome in all
cases tested (n=34; illustrated in Fig. 2B). We also found no evidence of tandem
integration events into the same MC (see below).
In contrast to integration at the 177 bp repeat, targeting the single-copy VSG-S8 results in
integration of plasmid into MCs from a limited size window (Fig. 3A). The marked
chromosome was the targeted VSG-S8-carrying MC in each case (Fig. 3B). Size
polymorphism was due predominantly to variation in length of the telomere next to the
VSG, as could be seen by cutting MCs at the ectopic I-SceI site (Fig. 3C). We believe that
this reflects normal heterogeneity at this long telomere arising from stochastic changes.
However, a contribution to telomere length variation resulting from homologous
recombination at the VSG can not be excluded.
3.2. Fine-resolution mapping of MCs
We used integrated markers to subject individual MCs to fine-resolution restriction
endonuclease mapping. The extremely rare-cutting endonuclease I-SceI was used to find
more common restriction enzymes that cut uniquely within the vector sequence but had
no innate sites along the length of the marked MCs (ApaI in all cases shown; see Fig. 1).
To map the positions of 177 bp repeats, DNAs cut at unique vector sites were then
breakbreak
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Figure 2. Integration into T. brucei minichromosomes by targeting the 177 bp repeat. (A) The MC karyotype of untransformed cells (PTP) and that of a
n.
population of uncloned positive transformants (pop ). The distribution of MCs containing integrated vector is shown by hybridisation to vector containing
no targeting sequence (pGad7). The distribution of 177 bp repeat is shown by hybridisation to 177 bp repeat (177 bp). The pGad7 probe crosshybridises to pGEM-derived sequence on a MBC in PTP cells. (B) Marked MCs in cloned positive transformants.
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Figure 3. Integration into T. brucei minichromosomes by targeting VSG-S8. (A) The sizes of ectopically marked MCs in a population of uncloned positive
n.
transformants (pop ) and cloned positive transformants, probed by hybridisation to pGad7. (B) The sizes of the MCs containing VSG-S8 sequence in
untransformed cells (PTP) and cloned positive transformants, probed by hybridisation to VSG-S8. If integration of vector occurs at sites other than the
VSG-S8 target, 2 hybridising MC bands are expected. (C) I-SceI digestion of MCs containing vector integrated at the VSG-S8 locus: (+) indicates
r
digested DNA; (-) indicates uncut; some DNA remains resistant to digestion in agarose plugs. Hybridisation to GFP + Hyg probe shows that the size of
DNA on this side of the I-SceI cut site varies little between clones. Conversely, reprobing with pGEM shows that this, more telomere-proximal, side of the
MC varies considerably – accounting for the majority of the size differences observed in the uncut MCs.

subjected to partial digestion with HpaI which has 1 recognition site in the canonical
177 bp repeat sequence [9]. The sizes of partially digested DNAs were measured by
PFGE separation and southern blotting (exemplified in Fig. 4). The positions of nonrepetitive DNA on marked MCs was mapped in a similar way with the 4-cutters Sau3AI
and MspI. These enzymes are expected to cut random DNA sequence on average every
~250 bp, but do not cut the 177 bp repeat or the VSG-associated 70 bp repeat sequence
which is known to occur on MCs [22].
We subjected 16 marked MCs to fine-resolution restriction mapping: 7 randomly selected
MCs targeted by a ‘forward’ orientation 177 bp repeat; 7 randomly selected MCs targeted
by a ‘reverse’ repeat; 1 MC marked at VSG-G4; and 1 MC marked at VSG-S8. Figure 5
shows the structures of these MCs. It was immediately clear from MC maps that the
177 bp repeats form a large 20-80 kb central core to MCs. In only one case was this core
region interrupted by other sequence – in this case the non-177 bp sequence (~6.5 kb) was
refractory to 4-cutting endonucleases, suggesting that it was another form of simple
sequence DNA (Fig. 5A). In total, 177 bp repeat DNA made up 56% of the MCs mapped.
Short regions of non-repetitive DNA were found at most, but not all, subtelomeres. It is
unclear how many of these sequences are VSG genes – undoubtedly some are VSGs (as
witnessed by integration at VSG-G4 and -S8), however, other non-repetitive DNAs have
been described at MC subtelomeres [11, 14]. Around 7% of minichromosomal DNA was
cut by the two 4-cutting endonucleases used in this study. This may be an underestimate
of the total amount of non-repetitive MC sequence since it depends on a probabilistic
distribution of endonuclease recognition sites.
The remaining ~37% of MC DNA is simple sequence consisting of telomeric and
subtelomeric repeats, and other repetitive elements such as the 70 bp repeat. Of these
classes, the most common seems to be telomeric repeats, which are likely to start close to
the end of the non-repetitive regions. This can be seen in the clones arising from targeting
of the VSG-S8 locus – the shortest telomere adjacent to this site observed in clones
extended to only ~1.5 kb past the non-repetitive sequence, while the longest was ~25 kb
(Fig. 3 and 5). This means minichromosomal telomeres are equivalent to those of MBCs
in terms of primary sequence, length and heterogeneity. Interestingly, MCs did not seem
to possess the long tracts of 70 bp repeats apparent in VSG-ESs on MBCs [23, 24].
Indeed a number of non-repetitive regions (including a known VSG) abut directly onto the
177 bp core region with little or no intervening repetitive regions.
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Figure 4. Mapping the positions of 177 bp repeats on ectopically marked MCs.
Genomic DNA containing individual MCs marked at either VSG-G4 or 177 bp repeat
was digested to completion with either I-SceI or ApaI endonucleases. DNA digested
with ApaI was then digested with 0, 0.08, 0.4, or 2 units of HpaI. Hybridisation of
r
PFGE separated DNAs to either GFP and Hyg probes or pGEM probe is shown.
Stars indicate the sizes of MCs cut uniquely within the integrated plasmid. Arrows
denote the extents of the region of 177 bp repeat. Bands common to both gDNAs
arise because of hybridisation of probes to sequences on MBCs in the PTP cell line.
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Figure 5. The structure of 16 ectopically marked MCs. Integration events were targeted to: (A) ‘forward’ 177 bp repeat; (B) ‘reverse’ 177 bp repeat; (C)
VSG-G4 and VSG-S8. When targeting ‘forward’ repeats, vector transcription runs in same direction as 177 bp sequence published by Sloof et al. [9].
‘Reverse’ repeats run reverse complementary to ectopic transcription. For VSGs, transcription runs in sense direction. MCs are arranged such that
transcription from vector runs left to right.
The resolution of the maps decreases with increasing distance from the integrated vector. Combining data from several gels, we estimate the standard
error in measurements of size around the site of insertion to be <20 bp, whilst that 50 kb away is ~2 kb.

3.3. The 177 bp palindrome
The vast majority of 177 bp repeat sequence exists in blocks of direct tandem repeats.
This can be seen in data from a number of sources: 1. Total digestion of nuclear DNA
with a number of endonucleases that cut once in the 177 bp repeat results in fragments
that are n×177 bp in length. When such DNA is hybridised to the 177 bp repeat, only
natural values of n are observed [9]. Since gaps or inversions in the repeats would result
in non-natural values for at least some of the endonucleases assayed, the number of nondirect repeats must be small. 2. Using markers that lie next to the 177 bp repeat core on
either a subset of MCs [14] or individual MCs (data presented here), partial digestion of
DNA with endonucleases that cut within the repeat gives a ladder with a step size that is
always a natural multiple of 177 bp. Again, irregular gaps or inversions are not observed.
3. Selecting at random >50 end sequences containing 177 bp repeat generated for the T.
brucei genome sequencing project at the Sanger Institute (Wellcome Trust Genome
Campus, Hinxton, Cambs, CB10 1SA), we found all contained direct repeats. Each of
these data sets is limited as to the type of irregularity it can detect. However, taken
together we estimate the number of non-direct repeats to be less than 1 in every 100 –
equating to >18 kb of direct head-to-tail repeats for each non-direct site.
When marking MCs by targeting the 177 bp repeat in the ‘forward’ orientation, we
noticed an asymmetry in the positions of integration along the chromosomes. Integration
events were biased such that ectopic transcription ran toward the centre of the
chromosome and away from the closest telomere. This was apparent at a population level
when large numbers of marked MCs were digested with I-SceI (Fig. 6) and for individual
mapped MCs (Fig. 5A). Such a situation could be attributed to either a selection for
transcriptional orientation, or a higher order of organisation to the 177 bp repeat core. The
former proposition was disproved by targeting the 177 bp repeat in the ‘reverse’
orientation – in this case integration occurred such that ectopic transcription ran toward
the closest telomere (Fig. 5B). Figure 7 shows the positions of integration events along
the 177 bp repeat core region when the two orientations of the repeat are targeted. It
demonstrates a palindromic organisation to the MC central core (p<0.001; χ2) consisting
of direct head-to-tail 177 bp repeats running in from both telomeres to a point of
inversion around the middle of the repetitive region.
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Figure 6. Asymmetric distribution of integration sites along MCs when targeting the
‘forward’ orientation 177 bp repeat. DNA from a population of uncloned positive
transformants was either mock digested (-) or digested with I-SceI (+). The average
r
length of DNA on the GFP + Hyg side of the I-SceI cut site is smaller than that of the
pGEM side.

Figure 7. Position of integration events along the 177 bp core when targeting
‘forward’ or ‘reverse’ 177 bp repeats. Data taken from mapping shown in Fig. 5.
Positions are normalised with respect to total length of repetitive core region
(excluding vector sequence) for individual MC. Vector transcription runs in positive
direction.
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3.4. The 177 bp repeat inversion point
The way in which the 177 bp repeat orientation inverts has significance as to the
behaviour of minichromosomal DNA and may give clues as to the origin of MCs. Fineresolution mapping of the central core refuted the presence of large (>2 kb) sections of
unique DNA lying in the centre of most MCs. However, the existence of shorter lengths
of specific sequence at the point of inversion could not be ruled out. We isolated DNA
from the inversions in 177 bp repeat orientation by PCR. A single primer in the ‘forward’
orientation was used with a minichromosomal DNA template. The result was a ladder of
DNA fragments starting from ~220 bp and with a step size of 177 bp – as would be
expected from a sequence with tandem 177 bp repeats on either side (Fig. 8A). When 5 of
these DNAs were cloned and sequenced they revealed 2 non-redundant sequences, both
depicting inversion points. Near the point of inversion on one sequence there is evidence
of a 20 bp duplication and 5 bp deletion (Fig. 8B). Though rare, similar mutations are
occasionally observed in 177 bp repeat sequences mined from the databases. Since the
177 bp repeat contains imperfect ~20 bp internal repeats [9], such mutations presumably
reflect historical recombination or replication slippage events. However, insertions do not
define the inversion point as the second cloned sequence contained no such mutations.
Inversions occurred at similar, but not identical, positions along the 177 bp repeats at sites
that displayed short (2-5 bp) overlaps.
Although the inversion points contained no unique DNA, they were asymmetrical –
uneven meeting of 177 bp repeats leads to asymmetric regions of either 135 bp or 119 bp
in the 2 cloned inversion points that separate the palindromic sequences. It should be said
that this may well be a biased result. Palindrome amplification is technically challenging
for PCR, largely because of fold-back of single-stranded DNA [25]. The problem is
exacerbated as the proximity and homology of the inverted sequences increase.
Palindromic DNA is also poorly propagated in bacteria. The combination of these 2
factors will be a strong selection for the cloning of inversion points with the lowest
degree of palindromy. For this reason, the cloned inversion points are not necessarily
representative of those occurring on T. brucei MCs as a whole. They do, however,
represent points of inversion occurring on at least two MCs.
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Figure 8. PCR amplification and sequencing of minichromosomal 177 bp repeat inversion points. (A) Single-primer PCR using as template
minichromosomal DNA of ~30-40 kb (1), ~60-70 kb (2), or ~90-100 kb (3). Cloned bands are starred. (B) Sequences of the 2 non-redundant inversion
points. Sequence around the point of inversion is shown aligned to a ‘forward’ 177 bp repeat (above) and ‘reverse’ 177 bp repeat (below). Identities to
the cloned sequence are shown in bold. Repeat sequence that can clearly be seen in the inversion point sequence is shown in uppercase. Recognition
sites for AluI and HpaI endonucleases are boxed. Dotted arrows mark priming sites. Solid line marks duplicated sequence. Inversion point 2 cloned
sequence extends further than that shown in the figure.

4. DISCUSSION
The data presented here reveal a new canonical structure for the minichromosomes of
Trypanosoma brucei (Fig. 9). This structure consists of a large central core of 177 bp
repeats, shorter subtelomeric regions containing non-repetitive DNA, and telomeres of
variable size. The 177 bp core region makes up ~60% of total MC DNA. While this is a
large portion of the MCs, it is considerably less than the estimate of >90% made by
Weiden et al. [14]. Part of the discrepancy is probably due to the subset of MCs on which
the earlier estimate was made. An examination of integration sites along this core region
showed it to be a repetitive palindrome – tandem 177 bp repeats run in from both
telomeres to a point of inversion around the centre of the repeat region. However, the
MCs are imperfect palindromes. Subtelomeric regions are not symmetrical and there
exists, at least in some MCs, a short region of asymmetry at the point of inversion in the
repeat core.
The major source of size heterogeneity between individual MCs in the population was
found to be the lengths of the 177 bp repeat region and telomeres. The repetitive core
varied in size from 20-80 kb in the minichromosomes mapped, while individual telomeres
were up to ~25 kb. We have previously shown that individual MCs exhibit timebreakbreak

Figure 9. A canonical structure for the minichromosomes of Trypanosoma brucei.
The core region is a large repetitive palindrome produced by direct head-to-tail
repeats running from both subtelomeres to a central inversion point. Subtelomeric
regions contain non-repetitive regions at least some of which are VSG genes. Short
subtelomeric repeats are capped by telomeres of equivalent size and sequence to
those of the large housekeeping chromosomes.
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dependent size variations reminiscent of the steady growth and stochastic losses observed
in telomeric repeats [12]. We estimated the growth rate to be ~6 bp per cell generation per
telomere, which agrees well with the estimation of MBC telomere growth of 6-10 bp per
cell generation [26-28]. Hence, T. brucei MC telomeres display the same primary
sequence [27], length and dynamics as the MBCs. These facets are also shared by
mammalian telomeres and are completely unlike the short (36 bp) precise telomeres of
the macronuclear MCs in the hypotrichous ciliates [29-31].
4.1. Palindrome formation
Large inverted-duplication, or palindrome, formation is often associated with gene
amplification. In the slime moulds Physarum and Dictyostelium, and in the ciliate
Tetrahymena, programmed amplification of the ribosomal RNA genes (rDNA) proceeds
by the formation of numerous extrachromosomal dimers of the rDNA locus in the form of
head-to-head palindromes [32-35]. Palindrome formation of a more stochastic nature is
also observed in Saccharomyces, mammalian and Leishmania cell lines that have been
subjected to drug-resistance selection [36-40]. Significantly, large inverted duplications
are also found in human tumours (reviewed in [41]) and in cells transfected with viral
oncogenes [37, 38].
Work in Tetrahymena [42], Saccharomyces [43] and recently, mammalian cells [44],
shows that large palindrome formation is readily seeded by double-stranded chromosome
breaks near short inverted repeats. Palindrome formation is not sequence specific and the
efficiency of seeding improves as the distance between the inverted repeats is reduced and
homology increased. Moreover, inverted repeats are able to induce double-strand breaks
and are hotspots for recombination [45, 46]. The self-complementary nature of
palindromic DNA leaves the potential for intrastrand base pairing leading to extrusion of
a hairpin or cruciform secondary structure. Several models can then be invoked to explain
DNA instability around the inverted repeat (see [46, 47]): First, hairpin structures might
block the replication fork, promoting template switching. Second, secondary structure on
the stalled replication fork might be substrates for conformation-specific nucleases, such
as the SbcCD complex in Escherichia coli, producing double-strand breaks and leading to
rearrangements. Third, the cruciform structure of an extruded inverted repeat resembles a
Holliday junction and may become a substrate for the homologous recombination
machinery. This mechanism of gene amplification is not restricted to the formation of
linear palindromes. In Leishmania, strains selected for resistance to methotrexate often
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contain the H-circle, an amplified circular palindrome. Located on either side of the nonamplified endogenous H-locus are short inverted repeats [48, 49] and these inversions
precisely define the two inversion points in the larger amplified palindrome.
The palindromy of the central region of T. brucei MCs may be indicative of their
derivation (Fig. 10). An inversion in a cluster of repeats (177 bp repeat or its ancestor)
occurring upstream of a telomeric VSG would extrude to a cruciform structure and induce
a DNA double-strand break. Self-ligation creates a telomeric fragment with a hairpin cap,
which if replicated forms a MC with 2 functioning telomeres and an inverted symmetry.
MC numbers could have to build up through many such palindrome formation events or,
breakbreak

Figure 10. A model for the generation of palindromic MCs from larger chromosomes
containing inverted repeats. Extrusion of inverted repeats into a cruciform structure
induces a chromosome double-strand break. Interstrand ligation creates a hairpin
which becomes a large palindrome upon DNA replication.
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more probably, chromosome mis-segregation. Considering the frequency of homologous
recombination at trypanosomal subtelomeres, it is unsurprising that these regions should
no longer display the inverted symmetry of the core.
4.2. Minichromosomal origins of replication
If it is clear why the MCs of T. brucei are maintained – expansion of the telomeric VSG
repertoire – and a mechanism for their advent can be proposed, it remains unclear how
they are maintained. The stable propagation of MCs requires an origin of replication
(ORI) and a centromere (CEN). Neither structure has been defined in Trypanosomatid
nuclear DNA. The only precise data available concern the origins of replication on the
mitochondrial mini- and maxicircle DNA, where a conserved 12mer is the favoured
candidate. Patnaik et al. [50] demonstrated that a region encompassing the procyclin gene
promoter conferred a partial stability to plasmids introduced into T. brucei, indicating an
autonomously replicating sequence (ARS) element within this region. In Leishmania,
targeted deletions of a stable extrachromosomal gene amplification have implicated a
~30 kb region in mitotic stability [51].
The reduced size and complexity of MCs compared to MBCs represents a considerable
advantage in the search for ORI and CEN DNA on this class of chromosomes. Weiden et
al. [14] made a significant contribution to this search by demonstrating that replicating
MCs exhibited single replication bubbles. The positions of these bubbles indicated that
MCs possess a single bidirectional origin of replication located around the centre of the
chromosome. This data made it particularly interesting when Zomerdijk et al. [11], in the
only previous published example of physical mapping of an entire MC, identified an
island of restriction enzyme recognition sites within the body of their marked
chromosome. This suggested unique sequence punctuating the simple repeats near the
point of replication initiation. Might this sequence define a minichromosomal ORI and/or
CEN? The data presented here strongly suggest that this is not the case. In only 1 of 16
mapped MCs was the 177 bp core region interrupted by other sequence and this
interruption appeared to be in the form of another repeat, not the non-repetitive DNA
identified by Zomerdijk et al. [11].
In the light of the position of MC replication bubbles and the fine-resolution maps
presented here, the 177 bp repeat is the prime suspect for ORI sequence on MCs. Origins
of replication have been studied extensively in Saccharomyces cerevisiae. The origins
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consist of a 200 bp AT-rich conserved sequence and two or three additional nonconserved elements (reviewed in [52, 53]). One of the crucial roles for these sequences is
in influencing higher-order DNA structures [54]. In S. cerevisiae and bacteria, the
influential secondary structures appear to be a DNA bend which recruits ARS binding
factor 1, and an anti-bent configuration induced by homopolymer A≥3 and T≥3 tracts [55,
56]. Homopolymers also play a role in Schizosaccharomyces pombe ARS function [57].
The T. brucei 177 bp repeat contains alternating A3 and T3 tracts with a periodicity of
~30 bp. However, this periodicity is much larger than observed in anti-bent S. cerevisiae
or bacterial ORIs (~12 bp and ~8 bp, respectively [56]), and the number of homopolymer
tracts is no greater than would be expected in random DNA sequence of the same base
composition (~70% AT). Perhaps, even if the repeat were an inefficient ORI, the high
copy number of the repeat might ensure initiation of replication in the repetitive core of a
MC.
Alternatively, the inverted symmetry of the 177 bp repeat region rather than its primary
sequence may be the important feature to its origin of replication function. The use of
inverted repeats in ORIs has been perfected by viruses (reviewed in [52]). The HSV-1
oriL is a near perfect 144 bp palindrome. This potential for cruciform structures in ORIs
may be more general. Origins of replication in monkey have inverted repeats as well and
AT-rich regions [58] and human adenocarcinoma cells display temporal cruciform DNA
which is specific to S-phase [59]. In Tetrahymena, replication of the rDNA palindromic
minichromosome initiates in the 5’ non-transcribed spacer located at the central inversion
point [60]. However, Tetrahymena rDNA replication is sequence specific [61] and does
not require any palindromy [62]. A similar sequence dependence appears to operate in
Physarum rDNA palindromes where the non-transcribed spacers and replication origins
are not located at the centre of symmetry [63]. Furthermore, deletions in a Leishmanial
linear palindrome which removed A≥ 6 homopolymer tracts but preserved inverted
symmetry dramatically reduced chromosome stability [51].
At present, the data do not convincingly favour one or other of the above models for
177 bp repeat ORI function. Notably, the origins of replication in higher eukaryotes are
complex and consist of several cis-acting domains that may be separated from the
initiation site by several thousands of base pairs [64, 65]. Also, when we analysed the
~30 kb region of DNA implicated in linear extrachromosomal stability in Leishmania, we
found an inverted 15mer lying ~2.5 kb upstream of the region of homopolymers. It may
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be that, in T. brucei, both a strong higher-order structure (such as cruciform extrusion)
and an intrinsic feature of the 177 bp repeat (for example free-energy of melting) are
required for the initiation of replication in the MC core region.
4.3. Minichromosomal centromeres
Centromeric DNA is required for faithful chromosome transmission. The best-defined
CENs are those of S. cerevisiae (reviewed in [66]) These simple ‘point’ centromeres are
determined by primary sequence alone, consisting of an essential conserved sequence of
125 bp that can be resolved into 3 functional elements (CDEs I, II and III). This
elementary sequence-function relationship is appealing, but is a misleading model for
other centromeres. No conserved sequence exists that defines CEN DNA. However, some
structural themes can be seen at centromeres. Generally, centromeres are gene-poor,
heterochromatic and repeat-rich. In S. pombe, non-homologous ~5 kb core regions are
flanked by various inverted repeats common to the 3 CENs (see [67]). Human and
Drosophila centromeres are also highly repetitive. Normal human centromeres contain
171 bp alphoid sequences that are tandemly repeated to form arrays extending 0.1-4 Mb
(reviewed in [68]). However, the presence of large tracts of alphoid sequence does not
define a human CEN – centromeres and alphoid-containing neocentromeres appear to be
activated and inactivated by higher order epigenetic events [69].
Based on the above structural consensus (loose as it is), the 177 bp repeat core of MCs is
a reasonable candidate for the chromosomal CEN as well as ORI. The 177 bp and
telomeric repeats certainly seem to be the only sequences common to all the MCs. Were it
the case that 177 bp repeat provides the minichromosomal CEN, then it would not define
the trypanosomal CEN DNA more generally, since it does not occur at sufficient
frequency on the larger chromosomes. As more is revealed about the T. brucei genome it
seems increasingly likely that many different repetitive regions, when suitably activated,
can provide centromere function.
Although palindromy may arise as a consequence of MC genesis, the question remains as
to why it has persisted. The MCs of T. brucei are likely to be considerably older than the
drug-induced palindromes of Leishmania or the rDNA palindromes of Tetrahymena
which are resynthesised from non-palindromic copies during sexual conjugation. Since
‘random’ sequence is able to seed telomere formation in T. brucei [28], chromosome
breakage events could create MCs lacking palindromy of the core region. If the stability
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of MCs resides only in the tandem 177 bp repeats and not in inverted symmetry, these
chromosomes should be as stable as their palindromic analogues – more so if inverted
repeats are a burden on replication machinery. Yet palindromy endures. It remains to be
seen if palindromy is a functional component of MCs or if it is merely an evolutionary
vestige.
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ADDITIONAL INFORMATION
Figure 11 and 12 show additional information intended to accompany the main paper.
They are a map (Fig. 11) and full sequence (Fig. 12) of the pGad7 construct.
Figure 13 shows integration events in procyclic cell lines in which various
minichromosomal loci had been targeted with selective markers. Figure 14 shows similar
data for bloodstream-form cells. When targeting the 177 bp repeat, 30 out of 38 cell lines
contained marked MCs. The remaining cell lines are discussed further in Interlude II.
Several different ‘versions’ of the 177 bp repeat were targeted. The reverse orientation of
the repeat has already been mentioned and the other types arise in Section 6. When
targeting minichromosomal VSGs all cell lines contain marked MCs.

Figure 11. A map of the pGad7 vector.
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GAATTCGAGCTCGCGGCCGCTGGATCCCTCGAGTACCGTCATTGGGGTTAAGCGGAAAGGTGTGTGTCAGTAGGTTGTGAGGTGAAAGCG
TTTTCAGATGCATAGTGAGCTTAATGTCCTTTTCACAGTATATCGTGTCTGATAGGTATCTCTTATTAGTATAGTCGAATACTAGTCAAT
AGTGCGTTTTGTGCAAAATGTCCATTTTGTGGCAGTGATGGGGTTGTTTTATGCTATTCCGTGTCTCTGGGTGGGCGTGCATTGAAAATA
GGGGTTATCGGGTAGGGATCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCCCTGAGTACTGAGTTTAACATGTTCTCG
TCCCGGGCTGCACGCGCCTTCGAGTTTTTTTTCCTTTTCCCCATTTTTTTCAACTTGAAGACTTCAATTACACCAAAAAGTAAAATTCAC
AAGCTTCTTCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGT
GCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAA
GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTA
CAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAG
CGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTC
CGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGA
GCTGTACAAGCGGTACCGCTAATAGGATATCACTAGAGCGGCCGATCCTGCCCATTTGGCTTTTCCCTTGTCTCGTGTCTTTTCCGTGGA
AAGGTTCCCGGAGTAATCTGATGGCACAGCAGGGAGGTGCGCCTGCAGGTTGGTTAGGAAGGGGGGATGATGTAAAAGAAGAAAATGGGG
GGATTCGAGCCCGGGCACAGCAAGGTCTTCTGAAATTCATGTTTTTTTTTTTTTTACTCTGCATTGCAGTCTCCGCTCTTATTTAGTTTT
GCTTTACGTAAGGTCTCGTTGCTGCCATAAAATAAGCTCTAGAACTAGTGATGAAAAAGCCTGAACTCACCGCGACGTCTGTCGAGAAGT
TTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGC
GTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGA
TTCCGGAAGTGCTTGACATTGGGGAATTCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGC
CTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCG
GCCCATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTATCACTGGCAAA
CTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACC
TCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGG
ATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATC
CGGAGCTTGCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCG
ATGATGCAGCTTGGGCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCG
CGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAGAGTA
GATGCCGACCGAACAAGGATCGATCCTAACACCGGGTTGTGTGGCCAAAATTGTTCTGTAGTCGCTGTGAGTTGACACGGCTAGTGCTTA
TGATTTTCCTCGCGTGTGGTGCCTGTACTCAGCCCTATGCCTTATTTGCAACACATTTACGTACAGCGCACAAGAGAAGAGAAGATCACT
TGAAGATAATAAATATAGGGTTGTAGGCATCTTGTTTAACTCAAATTTTCTCGTCTTGGTGTGTCGACATGATTGAAATAGTGCCACCAG
TTGTGTTTGATGCGTTTGTTATCTATGCAGTATTCTGCAAGGCCTCGGAGATCCTAACACCGGGTTGTGTGGCCAAAATTGTTCTGTAGT
CGCTGTGAGTTGACACGGCTAGTGCTTATGATTTTCCTCGCGTGTGGTGCCTGTACTCAGCCCTATGCCTTATTTGCAACACATTTACGT
ACAGCGCACAAGAGAAGAGAAGATCACTTGAAGATAATAAATATAGGGTTGTAGGCATCTTGTTTAACTCAAATTTTCTCGTCTTGGTGT
GTCGACATGATTGAAATAGTGCCACCAGTTGTGTTTGATGCGTTTGTTATCTATGCAGTATTCTGCAGGCTGCTAACAAAGCCCGAAAGG
AAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAG
GAGGAACTATATCCGGATAGGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCC
CTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATAGGGCCCTAGGGATAACAGGGTAATGCAT
GCAAGCTAGCCAGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACAT
CACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACT
GTTGGGCGCCATCTCCTTGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCG
CATAAGGGAGAGCGTCGATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCG
CTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTT
CACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGA
CGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC
AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGG
CATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCG
AACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTG
GCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAG
TCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTAC
TTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAAC
TACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTG
GCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTA
TCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATT
GGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTT
TTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAG
ATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGA
ACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGG
ACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACA
CCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGG
TCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGC
GTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGC
CTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCA
GCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTC
ATTAATGCAG

Figure 12. Full sequence of the pGad7 vector
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Figure 13. Clonal procyclic-form cell lines in which selective plasmids have been directed toward the following minichromosomal sites: 177 bp repeat,
VSG-S8, and VSG-G4. The 4 different ‘versions’ of the 177 bp repeat (177-t1, 177-t2, 3×177-t2, rev177-t1), are explained fully in Section 6. The
untransformed cell line (PTP) is also shown. Whole chromosome-sized DNAs were separated by PFGE, transferred to membrane and hybridised to a
pGad7 probe. This probe cross-hybridises with pGEM sequence existing on a PTP MBC.

Figure 14. Clonal bloodstream-form cell lines in which selective plasmids have been
directed toward the following minichromosomal sites: 177 bp repeat (177t1), and
VSG-G4. The untransformed cell line (PTP) is also shown. Whole chromosomesized DNAs were separated by PFGE, transferred to membrane and hybridised to a
pGad7 probe. This probe cross-hybridises with pGEM sequence existing on a PTP
MBC.
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Interlude I : Chromosome I putative centromeric
DNA

1. INTRODUCTION
As the Trypanosoma brucei genome sequencing project progresses, there are increasing
opportunities to analyse gene organisation and search for features which may not be
apparent by simple primary sequence homology. In the latter category are origins of
replication (ORIs) and centromeric DNAs (CEN). Both these elements are notoriously
poorly conserved between species at the primary sequence level, but often exhibit specific
structural themes (see Section 3). CENs are generally gene-poor, heterochromatic and
repeat-rich regions of DNA. It is frequently the case that, for a particular organism, the
centromeres share common repetitive elements (for example the alphoid sequences of
human) – although the presence of such sequences does not appear to define a CEN.
The T. brucei chromosome 1a sequence is now very nearly finished. Of the 1.15 Mb of
strain 927 chromosome 1a DNA, 1.06 Mb is presently covered by contiguous sequence
with the remaining sequence likely to be telomere-proximal. Identification of the CEN
DNA within this sequence would obviously aid in the analysis of megabase-sized
chromosome (MBC) segregation, particularly if an element could be identified which
defined MBC CENs. However, such data might also be informative in the analysis of
smaller chromosomes. We analysed the region of chromosome 1a identified as the
putative centromere – a region of 5.1 kb containing 81 imperfect repeats. However,
hybridisation data demonstrated that this repetitive region was specific to chromosome 1a
and 1b. This does not, of course, preclude the region from forming the chromosomal
centromere, but it demonstrates that this repeat does not define the centromeres of all
MBCs.

Interlude

98

2. RESULTS AND DISCUSSION
An ‘in progress’ version of the Trypanosoma brucei TREU 927 chromosome 1a sequence
was released in 2000 (accession number AL359782). This unfinished sequence is 940 kb
in length and contains gaps and some incorrect gene ordering. However, a finished
sequence for chromosome 1a should soon replace this sequence (same accession number).
Until this release, the most up-to-date information available to the community is found on
the internet through the continuous data release policy of the African trypanosome
genome network. This data can be accessed from the Institute for Genome Research
(TIGR) [1] or from the Pathogen Sequencing Group at the Sanger Institute [2]. At the
time of writing, the contiguous unfinished sequence covers 1.06 Mb of chromosome 1a
and has been preliminarily annotated. Within this is a 5.1 kb region of simple sequence
about two-thirds of the way along the contig which has been annotated as a putative
centromere. A compressed version of the region can be found on the 2000 sequence
release (AL359782) between nucleotides 713100 and 714900.
We undertook an analysis of the putative centromeric region of chromosome 1a. The
region consists of 81 reiterations of an irregular repeat which we have dubbed the NdeI
repeat on the basis of a conserved restriction site. The NdeI repeat unit is a compound of
two sub-repeats – a conserved 18 bp element followed by a 10 bp sequence which is
reiterated 1–9 times with increasing divergence (Fig. 1). Repeat units therefore vary in
length over the range 28–118 bp in steps of 10 bp (average length 63 bp). The repetitive
region as a whole is mildly AT-biased (66% AT, compared to ~60% AT for non-coding
DNA generally). The repeat region is embedded in a gene-poor region of the chromosome
containing the dispersed repetitive elements ingi [3, 4], LRRP [5] and 18S rRNA gene
cluster [6, 7]. In these respects the repeat region possesses many of the hallmarks of a
centromere.

Figure 1. The primary sequence of the Trypanosoma brucei NdeI repeat. The repeat
consists of an 18 bp conserved sequence followed by varying numbers of a 10 bp
element which becomes more divergent as it reiterates. Nucleotides are shown with
heights proportionate to the frequency of their occurrence at each position. The NdeI
recognition site is boxed.
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If the NdeI repeat region forms the centromere of chromosome 1a, it might be that the
repeat would be common to all MBC CENs – analogous to the ubiquity of alphoid repeats
at the centromeres of Homo sapiens (reviewed [8]), and the conservation of repeat
sequence between the centromeres in Schizosaccharomyces pombe [9-11]. To test this
hypothesis, we assessed the distribution of the NdeI repeat within the T. brucei genome.
A NdeI repeat probe was hybridised to intact MBCs separated by pulsed-field gel
electrophoresis (Fig. 2). This demonstrated that the NdeI repeat is restricted to 2
chromosomes which correspond in size to the homologous chromosomes 1a and 1b in the
strain 427 T. brucei cell line used for analysis [12]. The NdeI repeat, therefore, is not
found at all MBC centromeres.
One interpretation of these data is that the NdeI repeat region does not form the
centromere of chromosome 1a. Four other repetitive regions are found on the contig:
breabreak

Figure 2. The distribution of the NdeI repeat within the Trypanosoma brucei genome (427).
Whole-chromosome sized DNA was prepared in agarose plugs as in [18]. Pulsed-field gel
conditions were as follows: 1% agarose (SeaKem Gold, FMC BioProducts) in 90 mM Trisborate, 0.2 mM EDTA, pH 8.2 at 12°C with buffer circulation in CHEF Mapper apparatus
-1
(Biorad); 142 hr at 2 V cm with 120° included angle and switching time ramped linearly
18–42 min. Probe was created by PCR from gDNA with the primers
CTGGAGCTCGCATGTGCTCCACAATGT and GACCTCGAGCGACAGCTTCCTTCTTAC
and labelled as in Section 3. Southern blotting was as in Section 3. In strain 427,
chromosomes 1a and 1b are 1.85 Mb and 3.6 Mb, respectively [12], due to the large
polymorphisms that occur between T. brucei strains [19]. Hansenula wingei (H.w.) and
Schizosaccharomyces pombe (S.p.) chromosomes are separated as size markers.
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expression-site associated 70 bp and 50 bp repeat regions (ES review [13]), a small
(1.8 kb) region of 132 bp repeats, and a very large predicted open reading frame
containing 21 kb of 125 bp repeats. In the light of the AT-rich nature of other centromeres
(see [14, 15]) the 125 bp repeat is suspiciously GC-rich for a possible centromere (40%
AT). The small 132 bp repeat region is not very strongly AT biased either (54% AT) and
is surrounded by densely packed genes.
Alternatively, the NdeI repeat region may still form the centromeres of the chromosome 1
homologues. The implication of this is that the MBC centromeres of T. brucei do not
contain conserved DNA elements, unlike the situation in yeast and humans (see [14, 15]).
An interesting comparison can be made to the situation in Plasmodium falciparum, where
relatively small (~2 kb) putative centromeres have been identified in the completed
chromosome 2 and 3 sequences [16]. These putative centromeres are extremely AT rich
(97% AT, compared to ~82% genome wide), and are composed of several divergent
simple sequence repeat families. Despite their shared structure, the two CENs do not
contain common repeats [17]. These sequences have yet to be shown to have centromeric
function, but if they are indeed true centromeres then they demonstrate that, at least for
P. falciparum, common sequences are not necessary for regional centromere formation.
In the absence of other good candidates, we still consider the NdeI repeat region of
T. brucei to be the best candidate for a putative CEN on chromosome 1. We suggest that,
analogously to the situation predicted for Plasmodia, trypanosomal centromeres are not
defined by specific sequence, but may be formed epigenetically around a variety of
repetitive regions.
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Interlude II : The distribution of 177 bp repeats

1. INTRODUCTION
The 177 bp repeat of Trypanosoma brucei is often said to be minichromosome-specific.
This is a misconception. It results from the misrepresentation of 2 sources of data: a)
hybridisation to chromosome-sized DNAs size-fractionated through sucrose gradients and
b) hybridisation to chromosome-sized DNAs separated by pulsed-field gel electrophoresis
(PFGE). Although the idea of the MC-specific 177 bp repeat is not ubiquitous in the
trypanosome research community, we feel it is widespread enough to warrant explicit
mention here, particularly as it affects the interpretation of data presented in this thesis.
Here, we show that the 177 bp repeat is abundant on both the minichromosomes (MCs)
and intermediate-sized chromosomes (ICs) of T. brucei and discuss its possible
occurrence on megabase-sized chromosomes (MBCs). Evidence is also presented for the
presence of the 177 bp repeat on a circular extrachromosomal element.

2. RESULTS AND DISCUSSION
Shortly after characterising the 177 bp repeat [1], Sloof et al. [2] localised the repeat to a
minichromosomal DNA fraction isolated by size-fractionation of intact T. brucei DNA on
a sucrose gradient. This should not be interpreted as the repeat being MC-specific.
Hybridisation of probes to fractionated DNAs showed that the 177 bp repeat was present
in DNA fractions from which the mini-exon (spliced-leader) gene was largely absent and
was largely absent from DNA fractions in which the mini-exon gene was present. This
shows that the 177 bp repeat is highly-enriched in non-housekeeping chromosomes. At
the time, karyotype analysis of Trypanosoma was in its infancy and the concept of the IC
was not yet formed; the archetype of the 3 chromosomal classes was born soon after with
the application of pulsed-field gel electrophoretic methods to karyotype analysis.
The second source of data on 177 bp repeat distribution is hybridisation to DNAs
separated by PFGE. Commonly used separation conditions compress minichromosomal
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DNA into a tight band while resolving individual ICs and MBCs (for example see Preface
to Section 2). In such circumstances, if any individual IC or MBC carried, say, 50 kb of
177 bp repeats (a significant amount by most standards), it would still hybridise 100-fold
less than the combined MC population (~5 Mb of 177 bp repeats). In this way, the
contribution of other chromosomes to 177 bp repeat hybridisation can sometimes be
overlooked. However, if ICs and MCs are separated more evenly, it can be seen that ICs
contain considerable quantities of 177 bp repeat (Fig. 1). It can also be seen that the
distribution of the repeat between individual ICs is very uneven – the 290 kb IC
hybridises only weakly with 177 bp repeat probe, while others show much stronger
hybridisation signal (e.g. ICs at 200 kb and 340 kb). This uneven distribution of 177 bp
repeat is most likely a characteristic of the minichromosomal karyotype also, but is
difficult to distinguish due to the problems of resolving individual chromosomes from the
large MC population.

Figure 1. Distribution of the 177 bp repeat over the smaller chromosomes of
Trypanosoma brucei. T. brucei strain 427 is shown along with 6 clonal cell lines
derived from it. Whole-chromosome sized DNA was prepared in agarose plugs as in
[8]. Pulsed-field gel conditions were: 1% agarose (SeaKem Gold, FMC BioProducts)
in 90 mM Tris-borate, 0.2 mM EDTA, pH 8.2 at 14°C with buffer circulation in CHEF
-1
Mapper apparatus (Biorad); 37 hr at 5 V cm with 120° included angle and switching
time ramped linearly 20–80 s. Southern blotting was as in Section 3. Markers are:
lambda DNA concatamers and lambda DNA-HindIII fragments (λ); and wholechromosome sized DNAs from Saccharomyces cerevisiae (S.c.). Intemediate-sized
chromosomes (ICs) and minichromosomes (MCs) are marked.
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The distribution of 177 bp repeats can also be seen when targeting integrative constructs
to the repeat – ~80% of independent stable transformants carried constructs integrated
into the MCs (30 of 38) and ~15% contained IC-integrated constructs (6 of 38; Fig 2).
The remaining integration events (~5%; 2 of 38) are discussed below. If this distribution
of integration events were representative of the copy numbers of 177 bp repeat on
chromosomes, there would exist around ~130 kb 177 bp repeat DNA per IC (note that the
transformed procyclic cell line possesses 7 ICs – an unusually large number; Fig. 2).

Figure 2. Integration of exogenous DNA into ICs and MBCs when targeting the
177 bp repeat. Lanes show: untransformed procyclic form cell line (PTP; see Section
n.
3); a population of procyclic form transformants (PCF pop ); and 6 clonal procyclic
form transformants in which different versions of the 177 bp repeat have been
targeted (see Section 6 for full description). PCF clone PTP-rev177-5 shows MBCintegration, all other clones are IC-integrants. Also shown is a clonal bloodstream
form transformant (S16-177t1-3) derived from the single-marker cell line [9]. Signal
from hybridisation to the integration construct pGad7 is shown (see Section 3). This
probe cross-hybridises with pGEM sequence existing on a PTP MBC. DNA
preparation, PFG and southern blotting as in Fig. 1.
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It is clear that the 177 bp repeat is abundant on MCs and ICs and relatively rare on
MBCs. The question remains as to how rare. This is particularly relevant to the proposal
that MCs might have had their advent in MBCs carrying inverted 177 bp repeats (Section
3). When targeting integrative constructs to the 177 bp repeat, 1 of 38 independent stable
transformants showed integration into a MBC (Fig. 2). However, this is not necessarily
indicative of 177 bp repeat on the MBC. It is our experience that regions of homology
existing between targeting vectors and MBC sequences (in this case UTR sequences and
pGEM sequence integrated into the tubulin locus of parent cell lines) create a background
of mis-localised constructs.
The near-finished sequence of T. brucei chromosome 1a (see Interlude I), contains no
177 bp repeats. At present it also contains no telomeric VSGs, so the possibility of
subtelomeric 177 bp repeats remains. Interestingly, the chromosome-by-chromosome
sequencing approach of the Sanger Institute has produced 3 177 bp contigs – 2 contigs of
13.6 kb and 46 kb from chromosome 10 (Tryp10.0.003629 and Tryp10.0.003806,
respectively) and a contig of 4.3 kb from chromosome 9 (Tryp9.0.002945). The sizes of
these contigs are largely uninformative, since contig construction using unordered
sequences from regions of highly homogeneous repeats is extremely difficult. However,
their organisation is very suggestive. Except for 350 bp of VSG 5’ UTR at one end of
Tryp10.0.003629, all 3 contigs contain nothing but tandem 177 bp repeats. Failure to
identify other sequence abutting these repetitive regions could be simply probabilistic
(coverage of the chromosomes is incomplete) which would indicate large stretches of
177 bp repeats on these chromosomes. In the light of weak hybridisation of 177 bp repeat
probes to MBCs, it is more likely that these contigs represent contamination from other
DNAs (see below).
In the next chapter (Interlude III), we show that none of the T. brucei bacterial artificial
chromosomes created for genome sequencing contain both MBC-derived DNA and
177 bp repeat (~90× haploid genome coverage). The 177 bp repeat is therefore either
excluded from MBCs or is excluded from the library by either telomeric location and/or
difficulties with passage through bacteria.
With adequate sensitivity of detection, hybridisation of 177 bp repeat probes to T. brucei
chromosomes separated by PFGE shows signal in the MBC region ([3] and Fig. 2).
However, in the analysis of Weiden et al. [3], where there is considerable migration of
DNA across the PFG as well as down (caused by non-homogeneous electric field), the
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177 bp repeat-hybridising DNAs ran aberrantly straight. Moreover, 177 bp repeathybridising bands are observed in regions of gels where there are no ethidium-staining
DNAs of the indicated size (see band at 650 kb in Fig 1; band at 180 kb in Section1-Fig.
3). This is behaviour characteristic of circular elements. Confirming this notion, 1 of the
38 stable transformants analysed following targeting of vectors to the 177 bp repeat
contained exogenous DNA integrated into a circular element of ~70 kb (Fig. 3). Such
aberrantly migrating DNAs are prime candidates for contamination of size-selected
chromosomes.
In summary, the 177 bp repeat is highly abundant on the MCs and also ICs of
Trypanosoma brucei. It is rare on MBCs and may even be entirely absent. If it is found on
break

Figure 3. An integration event on a circular element when targeting exogenous DNA
to the 177 bp repeat. Lanes show: untransformed procyclic form cell line (PTP; see
Section 3) and episome-marked cell line (PTP-177-6). DNA was run uncut and
following digestion with I-SceI. The hybridisation probe was pGad7 (see Section 3).
This probe cross-hybridises with pGEM sequence existing on a PTP MBC. DNA
preparation, and southern blotting as in Fig. 1. PFG: 1% agarose (SeaKem Gold,
FMC BioProducts) in 90 mM Tris-borate, 0.2 mM EDTA, pH 8.2 in a CHEF Mapper
-1
apparatus (Biorad). Specific conditions: (left) 42 hr at 4.6 V cm at 12°C, 120°
-1
included angle, switching time 8–15 s; (right) 15.5 hr at 5.3 V cm at 14°C 120°
included angle and switching time 1–8 s.
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MBCs, it is telomere-proximal and/or limited to a small number of long tandemly
repeated regions. Since both these things might be expected from a knowledge of MC
structure, this is not very informative. However, the occurrence of 177 bp repeat on
MBCs perhaps deserves more attention as it speaks to the genesis of MCs and ICs. More
interestingly, the repeat is also found on circular extrachromosomal elements (ECEs),
which have arisen spontaneously and are stable with respect to cloning. It is not known
whether these elements are concatenated as are the circular elements observed in
Leishmania following drug-induced gene amplification (reviewed [4, 5]). Nor is it known
if these ECEs contain the NR-element which has recently been described on circular
elements in T brucei [6]. It is tempting to speculate that these trypanosomal ECEs might
share inverted repeat organisation with MCs in the same way as leishmanial linear and
circular amplicons share palindromic structure [7].
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Interlude III : 177 bp repeats in BAC clones

1. INTRODUCTION
The bacterial artificial chromosomes (BACs) generated as part of the on-going
Trypanosoma brucei genome sequencing project provide ~90× haploid genome coverage
with an insert size of 50–200 kb [1-3]. Inserts for the BAC library were created by partial
digestion of strain TREU927 total genomic DNA with the enzymes EcoRI or DpnII.
Telomere proximal regions are underrepresented in the BAC library on the basis of
cloning probabilities. For minichromosomal DNA, this problem is exacerbated by the
highly repetitive nature of MCs which further reduces the probability of cloning and
makes transmission through bacteria problematic. However, given the BAC clone insert
size, should there exist a BAC clone of minichromosomal origin, it would represent
nearly an entire MC. This would obviously be an extremely useful tool in the analysis of
T. brucei minichromosomal structure. Here we have analysed 5 BAC clones identified as
potentially derived from MC DNA. Our analysis revealed 4 out of 5 to be false positives
from the original screen. The remaining clone was demonstrated to originate from a larger
chromosome, but to share sequence with some MCs. This is suggestive of a shared
organisation of MCs and ICs.

2. RESULTS AND DISCUSSION
We used the presence of the 177 bp repeat as a marker of BAC DNA potentially of
minichromosomal origin. The repeat makes up ~60% of MC DNA, as well as being
abundant on intermediate chromosomes (ICs). Screening of all 18 000 BAC clones in the
RPCI-93 library on high density filters revealed 5 BACs which hybridised to the 177 bp
repeat (S. Melville, personal communication). We obtained these 5 BAC clones from P.
de Jong (Children’s Hospital Oakland – BACPAC resources, 747 52nd Street, Oakland,
CA, 94609, USA). Further analysis showed that only one of these 5 BACs – B36G19 –
was a true positive for 177 bp repeat sequence (Fig. 1).
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Figure 1. Distribution of 177 bp repeat within 5 Trypanosoma brucei BAC clones
identified as containing the repeat. BAC DNA was isolated as in [9]. It was then
digested to completion with endonuclease AluI, separated on a 1.5% agarose gel,
transferred to nylon membrane and hybridised to labelled 177 bp repeat (see Section
3). BAC clone identities are shown above lane.

Figure 2. Physical map of the BAC B36G19 from the Trypanosoma brucei library
RPCI-93. The pBAC3.6e backbone is highlighted in blue. The positions of probes are
shown in red. DNA which has been sequenced is indicated by green lines, with
significant homologies noted. Arrows indicated direction of putative ORF, or of
177 bp repeat (forward direction as given by Sloof et al. [10]). Restriction enzyme
sites are: E, EcoRI; EV, EcoRV; H, HindIII; P, PstI; S, SalI; X, XhoI. Map resolution
~0.1 kb.
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Limited physical mapping of the 177 bp repeat-carrying BAC was performed (Fig. 2).
This revealed that the insert of this BAC was ~21 kb in size, well below the minimum
size of DNA fragments selected during library construction (>50 kb). This BAC is
therefore a product of either bacterial rearrangement or DNA breakage and mis-ligation.
Partial sequencing of the BAC insert revealed the presence of DNA homologous to the
VSG expression-site associated genes ESAG3 and ESAG4 (see [4]), the leucine-rich
repeat protein LRRP1 [5], and the retroposon ingi [6, 7]. The 5.2 kb ingi retroposon is
dispersed extensively throughout the T. brucei genome (copy number ~400 per haploid
genome) including MCs [8], but is especially prominent in the turbulent subtelomeric
regions of the megabase-sized chromosomes (MBCs) and intermediate chromosomes
(ICs) [5]. We also found a region of ~1.6 kb of 177 bp repeats (corresponding to ~9
copies) at one end of the insert sequence. In the light of the palindromic nature of the
repetitive minichromosomal core (see Section 3), it was noteworthy that the repeats at
either end of this region were in opposing orientation (Fig. 2). It seems likely that this
repetitive region has been compressed from a much larger size by bacterial
recombination. This would explain the discrepancy between the insert size of this BAC
and the size of genomic DNA fragments selected in library construction.
MCs are not thought to possess VSG expression sites. Some MCs do, however, hybridise
to expression site-associated sequences ([8] and data not shown). The presence of ESAGs
(or rather sequence homologous to ESAG sequence) on the 177 bp-containing BAC,
therefore, is not evidence of a non-minichromosomal origin. We attempted to determine
which chromosomal class was the source of the B36G19 insert DNA by hybridisation of
small BAC-derived probes to whole chromosome-sized DNAs separated by pulsed-field
gel electrophoresis (exemplified in Fig. 3). No probe tested was specific to a single
chromosomal class – characteristic of the wide distribution of repetitive and expressionsite elements amongst the chromosome classes. A probe with homology to the LRRP1
gene hybridised to the same chromosomes as an ingi probe (probe 2, Fig. 3). However,
one probe homologous to ESAG4 hybridised to MBCs and ICs only (probe 3, Fig. 3).
Combined with the presence of 177 bp repeat, this suggests that BAC B36G19 is most
likely derived from an IC.
Hence, the177 bp repeat, which comprises >5% of total T. brucei nuclear DNA, makes up
only ~5×10-5% of insert DNA in BAC library RPCI-93. Only 1 of 18 000 BAC clones
break
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Figure 3. The hybridisation of probes from BAC B36G19 to the chromosomes of
Trypanosoma brucei. The location of each probe in the BAC is shown in Fig. 2.
Whole-chromosome sized DNA preparations, pulsed-field gel electrophoresis and
hybridisation were as in Section 3). Probes derived from the region of the BAC with
homology to ingi sequence, show the same hybridisation as probes 1 and 2.

appears to carry the repeat. Hybridisation and sequencing data suggest that this BAC is
derived from a VSG expression site occurring on an IC. Hence, minichromosomal DNA
is probably entirely absent from the BAC library. One intriguing feature of the 177 bpcontaining BAC is the presence of inverted 177 bp repeats. This organisation suggests
that the 177 bp core region palindrome may be a feature of ICs as well as MCs. 177 bp
repeats were not seen on the recently fully sequenced IC-derived BAC clone N19B2 –
containing ~140 kb of the VO2 ES derived from a ~330 kb IC [5]. This led the authors to
speculate that ICs are segregated in a different manner from MCs. While this may be the
case, we suggest that it can not be inferred from a paucity of 177 bp repeats occurring on
IC-derived BACs, since the repeats are hugely excluded from the BAC library and appear
to be subject to rearrangement within bacteria. We propose that the distinction between
ICs and MCs is perhaps an artificial one. ICs and MCs may share a common organisation
around a 177 bp repeat palindrome, and differ only in the quantity of subtelomeric ES
sequence acquired – recombinational activity promoting and demoting the same core
regions between the classes.

Interlude

113

3. REFERENCES
[1]

http://www.chori.org/bacpac/tbrucei93.htm.

[2]

http://www.sanger.ac.uk/Projects/T_brucei/.

[3]

http://www.tigr.org/tdb/e2k1/tba1/.

[4]

Pays E, Lips S, Nolan D, Vanhamme L, Perez-Morga D. (2001) The VSG
expression sites of Trypanosoma brucei: multipurpose tools for the adaptation of
the parasite to mammalian hosts. Mol Biochem Parasitol, 114, 1-16.

[5]

Berriman M, Hall N, Sheader K, Bringaud F, Tiwari B, Isobe T, Bowman S, Corton
C, Clark L, Cross GAM, et al. (2002) The architecture of variant surface
glycoprotein gene expression sites in Trypanosoma brucei. Mol Biochem Parasitol,
122, 131-40.

[6]

Kimmel BE, Olemoiyoi OK, Young JR. (1987) Ingi, a 5.2-kb dispersed sequence
element from Trypanosoma brucei that carries half of a smaller mobile element at
either end and has homology with mammalian LINEs. Mol Cell Biol, 7, 1465-75.

[7]

Murphy NB, Pays A, Tebabi P, Coquelet H, Guyaux M, Steinert M, Pays E. (1987)
Trypanosoma brucei repeated element with unusual structural and transcriptional
properties. J Mol Biol, 195, 855-71.

[8]

Alsford S, Wickstead B, Ersfeld K, Gull K. (2001) Diversity and dynamics of the
minichromosomal karyotype in Trypanosoma brucei. Mol Biochem Parasitol, 113,
79-88.

[9]

Sambrook J, Russell DW. (2001) Molecular cloning: A laboratory manual, 3rd Ed.,
Cold Spring Harbor Laboratory Press, New York, 4.55-4.57.

[10] Sloof P, Bos JL, Konings AFJM, Menke HH, Borst P, Gutteridge WE, Leon W.
(1983) Characterization of satellite DNA in Trypanosoma brucei and Trypanosoma
cruzi. J Mol Biol, 167, 1-21.

Interlude

114

SECTION 4 – STABILITY

PREFACE TO SECTION 4
This section consists of a paper which looks at the stability of minichromosomes with
respect to mitosis. Using transgenically marked minichromosomes, it shows both great
stability and considerable instability displayed by individual minichromosomes and
searches for some of the factors that affect segregation. The paper is intended for
submission to a molecular parasitology journal.
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The mitotic stability of the minichromosomes of

Trypanosoma brucei

Bill Wickstead, Klaus Ersfeld, Keith Gull

ABSTRACT
The minichromosomes (MCs) of the parasite Trypanosoma brucei are used
in the process of antigenic variation. A large number are maintained and
segregated at mitosis via interaction with the mitotic spindle. Available data
suggest that this segregation must occur with a reasonable degree of
fidelity, but little is known as to exactly how accurate minichromosomal
segregation is, or what factors influence it. Using ectopically marked MCs,
we demonstrate that individual MCs can be extremely stable with respect to
mitosis (<10-3 losses cell-1 gen-1) and that this stability is independent of
their transcriptional state. However, some MCs exhibit considerable
instability when marked. There are no obvious relationships between the
size or internal structure of MCs and their stability at mitosis. Indeed, it
appears the same MC can be either stable or unstable when marked. Mitotic
instability of a previously stable MC may be indicative of disruption of an
epigenetic imprint.

Keywords: Trypanosoma; Minichromosomes; Mitosis; Stability
Abbreviations: GFP, green fluorescent protein; IC, intermediate chromosome; MC,
minichromosome; rDNA, ribosomal RNA genes; VSG, variable surface glycoprotein;
VSG-ES, VSG expression site
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1. INTRODUCTION
The principal immune-evasion strategy of the extracellular protozoan parasite
Trypanosoma brucei is one of antigenic variation (reviewed [1-4]). In the mammalian
host bloodstream, the parasite adopts a dense cell surface coat composed predominantly
of a single immunogenic variable surface glycoprotein (VSG). Periodic switching of the
expressed VSG results in successive changes in the antigenic identity of the cells,
prolonging parasitaemia and increasing probability of transmission. To this end, the
organism maintains a population of around 100 small linear chromosomes which carry a
library of divergent VSG genes (VSGs) at subtelomeric locations (see [5, 6]). These
minichromosomes (MCs) are between 30 and 150 kb in size and consist of a large
palindromic core region made up of 177 bp tandem repeats ([7] and Section 3),
subtelomeric VSGs [8, 9], canonical eukaryotic telomeres [10], and smaller portions of
other repetitive DNAs (for example 70 bp repeats [11]). They are transcriptionally silent –
minichromosomal VSGs become active upon duplicative transposition to active VSG
expression sites (VSG-ESs) occurring on larger chromosomes.
Central to the role of MCs in Trypanosoma brucei is the diversity of VSGs that they carry.
Logically, large diversity within the population of MCs can be maintained only if
individual MCs are segregated with fidelity at mitosis – without mitotic fidelity,
stochastic impetus will inevitably reduce the variety of VSGs carried by any one cell. This
requires a partitioning mechanism for MCs. In situ hybridisation analysis of MCs as a
population has revealed an association with the mitotic spindle that is required for
accurate segregation [12]. However, studies of nuclear architecture by electron
microscopy uncover an intriguing feature to this interaction. The mitotic spindle of
T. brucei consists of <100 microtubules. Some of these terminate at kinetochore-like
structures, but the majority are intercalating pole-to-pole microtubules. Although
estimates of the number of the spindle microtubules vary, it is clear that the number is
insufficient for there to exist classical pole-to-kinetochore interactions for each of the 100
or so MCs. This discrepancy might be explained if individual kinetochores were to
accommodate complex aggregates made up of many paired sister chromatids.
Alternatively, Gull et al. proposed a model in which MCs (and possibly some larger
chromosomes) are segregated via lateral interactions with the pole-to-pole microtubules
[13].
Section 4

117

The available evidence suggests a considerable fidelity to the segregation of T. brucei
MCs [10, 12, 14, 15]. However, there is a great dearth of information on the factors
affecting segregational fidelity, or the mechanism behind it. More basically, there are few
data available which give direct estimates as to the accuracy of MC segregation and those
data that do exist often conflict [10, 14]. Here, we present quantitative data on the fidelity
of mitotic segregation of ectopically marked MCs and investigate several factors which
might affect this fidelity. We show that 3 marked MCs are extremely stable with respect
to mitosis (<10-3 losses cell-1 gen-1 ), and that this stability is independent of the
transcriptional state of the marker. In contrast, in 28 marked MCs which are at least
moderately stable, we find one which is lost rapidly (~0.1 losses cell-1 gen-1). We also
describe an apparent loss of mitotic stability for a previously stable MC. Finally, collating
data presented here and elsewhere ([10, 14] and Section 3), we look for relationships
between the size or internal structure of MCs and their stability at mitosis.

2. MATERIALS AND METHODS
2.1. DNA constructs and cell lines
The genesis of the T20(+)2 cell line is described in [10]. All other cell lines were
produced using the pGad7-derived vectors as described in Section 3. In particular, pGad8177t1 was used to generate the cell lines PTP-177-3 and PTP-177-A to -D; pGad8-V8
was used to generate PTP-V8-2. Procyclic form cells were cultured at 28°C in SDM-79
[16] supplemented with 10% v/v foetal calf serum (FCS).
2.2. Cloning and stability assays
Cells were cloned by limiting dilution in normal culture medium ‘conditioned’ by the
addition (to a final 15% v/v) of filtered medium from procyclic cultures grown to
densities of 5–10 cells ml-1. Cells were diluted to a final density of 1 cell ml-1 and then
aliquoted into 96-well plates at 200 µl well-1. In our experience, the number of positive
wells resulting from non-selective cloning using this method is 80-100% the number
expected (0.2 well-1).
An assessment of the stability of the marker in the T20(+)2-derived cell lines was made
as follows: cells were cultured under selection (40 µg ml-1 G418) for 7 days. The drug
was washed out and then the cells split into 2 parallel cultures containing no drug or
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40 µg ml-1 G418. Following culturing for the desired number of generations, the 2 parallel
cultures were cloned in the absence of G418. Positive wells were subcultured into normal
medium (no G418) and also medium containing 40 µg ml -1 G418 to test for drug
resistance. All positive wells from cultures grown in the presence of G418 tested positive
for drug resistance after cloning. The stabilities of the cell lines PTP-177-3, PTP-177-C
and PTP-V8-2 were assessed analogously to T20(+)2, except 3 parallel cultures were
maintained: one in normal culture medium, one in medium supplemented with 1 µg ml-1
tetracycline, and one in medium with 1 µg ml-1 tetracycline and 20 µg ml-1 hygromycin B.
Cell were cloned without drug and then tested for hygromycin resistance in medium
containing 1 µg ml-1 tetracycline, 20 µg ml-1 hygromycin B.
2.3. Flow cytometry
Samples for flow cytometric analysis were prepared as follows: ~5×106 actively dividing
procyclic cells were harvested by centrifugation for 5 min at 500 g and resuspended at
~5×106 cells ml-1 in 140 mM NaCl, 3 mM KCl, 10 mM sodium phosphate, 2 mM
potassium phosphate, pH 7.4 (PBS) containing 1% w/v formaldehyde and 4 µg ml-1
propidium iodide. Data for 50 000 events were collected and gated on the basis of
forward- versus side-scatter. Events positive for propidium iodide staining were excluded
from analysis so as to select only cells with intact cell membranes.

3. RESULTS
3.1. Stability of constitutively active exogenous MC markers
Zomerdijk et al. [10] have described the integration of an exogenous drug resistance
marker downstream of an unusual promoter occurring at the subtelomeric region of a
subset of MCs. In T. brucei strain 427, the 18 S rRNA gene promoter is found on 6–7
housekeeping chromosomes as well as on a small number of intermediate-sized
chromosomes (ICs) and MCs. The promoters on the smaller chromosomes appear to be
'orphans', in that they are not associated with rDNA genes. Indeed, the organisation on
one of the rDNA promoter-containing MCs suggests that there are no genes at all
downstream of these promoters. It was originally thought 2 MCs possessed the promoter,
but more recent data suggest 4 MCs (30–60 kb) and 1–2 ICs contain rDNA promoters
[15, 17]. The cell line T20(+)2 contains a constitutively active neomycin resistance
breakbreak
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Figure 1. Targeted insertion of the plasmid pRK20(+) [24] to an orphan rDNA
promoter at the telomere of a minichromosome in Trypanosoma brucei as performed
by Zomerdijk et al. [10]. Insertion of exogenous DNA creates a MC of ~60 kb
containing 2 chimeric rDNA promoters one of which drives expression of a
r
downstream neomycin resistance gene (Neo ). Figure adapted from [10].

marker (Neor) downstream of a rDNA promoter on a ~60 kb MC (Fig. 1). An estimate of
the stability of this marked MC was made in its original description [10]. Following
growth of the T20(+)2 cell line in the absence of selection for ~130 generations, no
growth retardation was observed on reintroduction of G418 drug (estimated <10% drug
sensitivity). This is equivalent to less than 1 loss in 1 000 cell divisions (i.e. a loss rate
<10-3 losses cell-1 gen-1). We sought to increase the sensitivity of this experiment by the
simple means of cloning prior to reintroduction of drug – testing 100 clones would
increase experimental sensitivity ~10-fold.
The T20(+)2 cell line was a gift of P. Borst (Division of Molecular Biology, Netherlands
Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, Netherlands). Two clonal cell
lines – T20(+)2-1 and T20(+)2-2 – were produced from T20(+)2 by cloning in the
presence of G418. The T20(+)2 population and the 2 clonal cell lines were then
maintained in the absence of G418 for a total of 77 days (~220 generations). After 28
days (~80 generations) an aliquot of T20(+)2-1 cells was cloned and clones were tested
for G418-resistance. Surprisingly, ~80% of clones had become sensitive to G418, with
sensitivity due to physical loss of Neor gene rather than any epigenetic phenomenon (Fig.
2). This rapid loss of marker was demonstrably not a characteristic particular to the clonal
break
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Figure 2. Loss of the Neo marker from the T20(+)2-1 cell line when maintained for 28 days in the absence of drug. Intact
chromosome-sized DNAs were separated by pulsed-field gel electrophoresis, transferred to membrane and hybridised to a
r
r
Neo probe (Neo ). The original cell line on day 0 of the experiment is shown (T20(+)2-1) along with clones taken from the cell
line maintained for 28 days in the presence (+ drug) or absence (no drug) of G418. T. brucei strain 427 is also shown. Stars
-1
-1
indicate cell lines which grew in the presence of 40 µg ml G418. A second hybridisation of the membrane to a 177 bp repeat
probe is shown to indicate the positions of MCs.

Cell line

Generations w/o
G418

No. sensitive clones

Rate of loss
(per 1000 cell gen)

T20(+)2 population

~220

60/60 (100%)

>14

T20(+)2-1

~80

66/80 (83%)

22 ± 5

~220

67/67 (100%)

>14

~220

51/55 (93%)

12 ± 7

T20(+)2-2

Table 1. Loss of G418 resistance in the T20(+)2-derived cell lines. The proportion of
G418-sensitive clones produced from the cell lines following maintenance in the
r
absence of G418 was used to assess the rate of loss of Neo marker. Rates of loss
are calculated assuming irreversible first-order kinetics and are shown with estimate
of standard error (where possible), or lowest value at 95% confidence.

cell line T20(+)2-1 since after ~220 generations in the absence of G418, almost all clones
from T20(+)2-1, T20(+)-2 and the T20(+)2 population were G418 sensitive (Table 1).
Nor was it a product of the additional cloning step since cell lines maintained over the
same time-span in the presence of G418 (but cloned without drug) produce clones that are
resistant to G418 in all cases (n=52). Moreover, the loss of marker can be seen at the
population level prior to cloning (Fig. 3B).
Our estimate of the rate of marker loss in the T20(+)2 cell line is 1 loss in ~50 cell
divisions (~0.02 losses cell-1 gen-1), at least 20-fold faster than the estimate made by
Zomerdijk et al. for the same cell line [10]. Onset of chromosome instability can be
caused by loss of telomere integrity [18-20]. We checked telomere length as a possible
cause of MC instability, but the length of the telomere adjacent to the marker was at least
as long in our cell lines as when the MC was originally mapped (~3.5 kb; Fig. 3) and
easily long enough to form the relatively small t-loops seen at trypanosomal telomeres
(median length 1.1 kb; [21]).
3.2. Stability of regulated exogenous MC markers
Considering the transcriptionally silent nature of native minichromosomes, it is possible
that the introduction of highly transcriptionally active markers might have a destabilising
effect on their mitotic segregation. To investigate this possibility, we introduced
tetracycline-regulated transgenes into MCs by targeting either the very high copy number
177 bp repeat [7, 22] or the single-copy VSG-S8 locus [15]. Figure 4 shows the anatomy
break
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Figure 3. The length of the telomere downstream of the Neo marker in T20(+)2derived cell lines. (A) Telomere length in the T20(+)2 cell line as originally mapped
by Zomerdijk et al. [10]. The position of a unique BglII site is indicated. (B) Telomere
length in the cell line T20(+)2, and the clones thereof, T20(+)2-1 and T20(+)2-2.
Southern blot analysis of BglII-digested gDNA from the cells on day 0 of the
experiment (0) or following maintenance for ~220 generations in the presence
(220 +) or absence (220 -) of G418. The blot was hybridised to a pGEM plasmid
probe. Signal in the compression zone (CZ) is from uncut DNA.
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Figure 4. Anatomy of vectors for insertion of regulated marker genes into
minichromosomes. Vectors are based around the pGad7 construct which encodes a
r
GFP and hygromycin resistance gene (Hygro ) polycistron under the control of a
tetracycline-inducible procyclin EP1 promoter. In this study, 2 targeting sequences
were used: the 177 bp repeat and the single-copy minichromosomal VSG-S8.

of the vectors for regulated marker integration. We have previously described the
integration of these vectors into minichromosomal loci and the physical mapping of 7
MCs in which the 177 bp repeat was targeted and 1 in which the VSG-S8 was targeted
(Section 3). We assessed the mitotic stability of 3 of these mapped MCs: the smallest, the
largest, and that marked at the VSG. The corresponding cell lines – named PTP-177-C,
PTP-177-3 and PTP-V8-2 – carry marked single MCs of 61 kb, 106 kb and 91 kb,
respectively (Fig. 5).
Cell lines PTP-177-C, PTP-177-3 and PTP-V8-2 were maintained in continuous culture
without selection and either with or without induction of transcription by tetracycline.
After 36 days (100 generations) cell lines were cloned and clones tested for the presence
of drug-resistance marker. In contrast to the situation for T20(+)2 cells, the regulated MC
markers in the 3 cell lines were extremely stable in the absence of selection (Table 2).
This was true regardless of the transcriptional state of the marker – all 3 MCs were lost at
a rate <10-3 losses cell-1 gen-1. No significant differences were found.
3.3. An unusually unstable marked MC
We have generated numerous independent cell lines in which individual MCs carry a
regulated marker targeted to the 177 bp repeat as described above. As part of our
characterisation of these cell lines, we have assessed the GFP expression profile of these
cell lines by flow cytometry. GFP expression from integrated RNA polymerase I
breakbreak
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Figure 5. Sizes of minichromosomes carrying regulated exogenous marker genes.
Intact chromosome-sized DNAs were separated by pulsed-field gel electrophoresis,
transferred to membrane and hybridised to a pGad7 probe. The untransformed cell
line (PTP) is shown alongside 3 cell lines in which the 177 bp repeat was targeted
(PTP-177-3, PTP-177-C and PTP-177-D) and 1 in which the minichromosomal VSGS8 was targeted (PTP-V8-2). Hybridisation in the compression zone is due to pGEM
sequence on a MBC in the PTP cell line.
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Cell line

MC size

PTP-177-C

61 kb

PTP-177-3

PTP-V8-2

106 kb

91 kb

Transcription
Selection
No. sensitive clones
(tetracycline) (hygromycin)

Rate of loss
(per 1000 cell gen)

-

-

1/33 (3%)

0.3 ± 0.3

+
+

+

1/18 (6%)

0.6 ± 0.6

0/31 (0%)

<1

+
+

+

0/27 (0%)

<1.1

0/32 (0%)

<0.9

0/31 (0%)

<1

+
+

+

0/37 (0%)

<0.8

1/30 (3%)

0.3 ± 0.3

0/23 (0%)

<1.3

Table 2. Loss of hygromycin resistance from the cells containing minichromosomes
marked with either transcriptionally active or inactive pGad7. All cell lines were
-1
maintained for 36 days (~100 generations) with induction of transcription (1 µg ml
-1
tetracycline) and selection (20 µg ml hygromycin B) where indicated. Rates of loss
are calculated assuming irreversible first-order kinetics and are shown with estimate
of standard error (where possible), or as highest value at 95% confidence.

promoters exhibits a cell-to-cell heterogeneity that is much greater than that observed for
RNA polymerase II read-through (Fig. 6). Lower average GFP expression from
integration into the 177 bp repeats results in greater relative spread of GFP profiles from
these loci than from minichromosomal VSGs or the rRNA gene spacer regions (note that
absolute variability is not significantly different; see Fig. 6B). However, variability is not
(in most cases) due to loss of marker, since it is seen in cell lines with extremely stable
marked MCs (Fig. 6, PTP-177-C and PTP-V8-2).
We analysed the GFP expression profiles of 28 cell lines carrying MCs marked at 177 bp
repeats (exemplified in Fig. 6A). In one – PTP-177-D – we observed a distinct bimodal
distribution of GFP fluorescence not seen in the others. Further analysis revealed that this
unusual expression profile was due to rapid loss of marker – cloning the cell line into
non-selective medium resulted in 17 clones, 10 of which were drug resistant, whereas
cloning into medium containing hygromycin yielded 10 clones all of which were
resistant. Sensitivity to drug was the result of loss of marker (Fig. 7A). We used loss of
GFP expression on release of drug selection to measure the rate of marker loss in this cell
line (Fig. 7B). In this way, the rate of marker loss was estimated to be 0.1 losses cell-1
break
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Figure 6. (A) Flow cytometric analysis of levels of GFP expression in cell lines carrying pGad7 (see Fig. 4) integrated at the
following sites: minichromosomal 177 bp repeat loci (PTP-177-A to -D); minichromosomal VSG-S8 (PTP-V8-2); rDNA spacer.
Untransformed cells and read-through expression from a promoter-less construct integrated at the tubulin gene locus (tubulin)
are also shown. Cellular fluorescence was assessed on a logarithmic scale. (B) Demonstration of the relationship between
linear and logarithmic acquisition of data. Two normally distributed populations with the same absolute variance but different
means, have a different relative variance which is apparent in logarithmic acquisition.
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Figure 7. (A) Loss of Hygro from the PTP-177-D cell line when cloned in the absence of selective drug. Intact chromosome-sized DNAs were separated
by pulsed-field gel electrophoresis, transferred to membrane and hybridised to a pGad7 probe. The parent cell line (PTP-177-D) is shown alongside 1
clone generated in the presence of drug (+ drug) and 5 generated in the absence (no drug). Stars indicate clones which were subsequently shown to be
resistant to the reintroduction of hygromycin. (B) Loss of GFP from the PTP-177-D cell line on the removal of drug selection. The proportion of cells in
the population positive for GFP was assessed daily by flow cytometry (see Fig. 5).

gen-1 (rate of GFP turnover is sufficiently high – half-life ~0.8 gen – for marker loss to be
rate limiting).
Using mixtures of transformed and untransformed cells, we estimate that a bimodal
distribution would be apparent in any cell line containing at least 5% marker-negative
cells. Since no such distributions were observed other than for PTP-177-D, the rate of
marker loss in the other cell lines must be <0.01 losses cell-1 gen-1.

4. DISCUSSION
Most available evidence suggests that T. brucei MCs are segregated with a high degree of
fidelity: 1. Looking at the minichromosomal population as a whole, in situ hybridisation
shows equal partitioning at mitosis between the two daughter nuclei [12]. 2. This can also
be seen in the equal amounts of minichromosomal DNA in clones taken from a nonclonal population [15]. Asymmetric partitioning of MCs would rapidly cause
heterogeneity in the numbers of MCs possessed by any one cell. 3. An exogenous marker
integrated into an individual MC was stable in the absence of selection [10]. 4.
Endogenous markers of individual MCs are found consistently in clones taken from nonclonal populations [15].
However, there are also conflicting data. Lee et al. [14] describe the transfection of
Trypanosoma brucei with linear plasmids bearing telomeric sequence. They dubbed the
resulting DNAs ‘trypanosome artificial minichromosomes’ (TACs), but given that the
input plasmids consistently acquired large quantities of endogenous DNA – most likely of
minichromosomal origin – they are perhaps better described as integration events at MC
subtelomeres (unlike the relatively unstable but non-integrated TACs of Patnaik et al.
[23]). Their data show only 1 out of 3 marked MCs was stable in the absence of selection.
The others were lost at a rate of ~0.05 losses cell-1 gen-1.
We attempted to investigate the stability of MCs in more detail. Taking a cell line
described by Zomerdijk et al. [10] we assessed the stability of an individual marked MC.
The minichromosomal marker, targeted to an orphan rDNA promoter, has previously
been shown to be mitotically stable in the absence of selection (<10-3 losses cell-1 gen-1;
[10]), but in our experiment was found to be relatively unstable (~0.02 losses cell-1 gen-1).
Interestingly, when Lee et al. [14] developed an analogous cell line by targeting a
hygromycin resistance marker to a minichromosomal rDNA promoter (not necessarily the
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same MC as Zomerdijk et al., since the sequence occurs on 4 MCs), this marker too was
unstable (~0.05 losses cell-1 gen-1). These high loss rates are very unlikely to represent the
true stability of the endogenous MCs since the rDNA promoter is inherited by all clones
taken from a non-clonal population [15]. The implication is that something about the
ectopic markers can cause the transition of a previously stable MC to an unstable state.
We assessed the telomere adjacent to the transcription unit for damage that might
destabilise the minichromosome, but found no evidence of sequence loss.
Unlike the MBCs and ICs of T. brucei, the native MCs are not transcriptionally active.
This is intrinsic to their role – promiscuous expression of the VSGs encoded on MCs
would compromise the central tenet of antigenic variation, that only one VSG is
expressed at a time. It is possible that transcriptional silence might be necessary for the
mitotic stability of MCs. Hence, forced ectopic transcriptional activity resulting from the
insertion of selectable markers into MCs would reduce the marked chromosome’s
stability. We investigated the influence of transcription on MC stability by inserting
regulated markers into individual MCs. However, all 3 marked MCs analysed in detail
were stable in both the presence and absence of transcription (<10-3 losses cell-1 gen-1).
Thus, we found no evidence that transcriptional status affects the mitotic stability of
minichromosomes.
In fact, stability was the rule for cell lines carrying MCs marked by transgene insertion at
the 177 bp repeat. 27 of 28 cell lines tested had loss rates below 10-2 losses cell-1 gen-1 –
the exception, PTP-177-D, lost the marker rapidly (~0.1 losses cell-1 gen-1). Since these
MCs are marked at 177 bp repeats which are ubiquitous to MCs, we can not investigate
the stability of each locus before the insertion of selectable marker. Therefore, the marked
MC in the PTP-177-D cell line could represent either a previously stable MC destabilised
by marker insertion, or an insertion event into an already unstable MC produced by some
event in the cell. Whichever is the case, the data presented here suggest that the loss of
mitotic stability of an ectopically marked MC is a relatively rare event.
So why such large differences in MC stability? Figure 8 summarises data previously
collected on the structures of 5 of the marked MCs used in this study – 2 unstable, 3
extremely stable. There are no obvious structural features which differentiate between
MCs found to be stable with respect to mitosis and those which are unstable. Of course,
there may be more subtle differences in sequence, but our data suggest that the potential
break
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Figure 8. The structures of marked minichromosomes. (A) Physical map of the
marked minichromosome carried in the cell line T20(+)2. Restriction sites: Ap, ApaI;
B, BamHI; E, EcoRI; EV, EcoRV; N, NcoI; Nr, NruI; X, XhoI. The location of 177 bp
repeats to the right of the central EcoRI site is shown (grey box). The potential
occurrence of 177 bp repeats on the rest of the chromosome has not been
investigated. Adapted from [10]. (B) Physical maps of the marked minichromosomes
carried in the cell lines PTP-177-C, PTP-177-D, PTP-177-3 and PTP-V8-2. The
locations of 177 bp repeats (grey box) and non-repetitive DNA are shown (striped
box).

stability of an individual marked MC can not be predicted on the basis of gross anatomy –
including MC size, total amount of 177 bp repeat and position of marker insertion. The
lower limit for MC size of ~30 kb and the ubiquitous nature of the 177 bp repeat to MCs,
argue that factors such as these must play a part in MC mitotic stability, but they are
evidently not the only factors at work.
One noteworthy caveat to the above data on mitotic stability is that they are based on an
assessment of individual ectopic marker loss and this is not necessarily indicative of the
loss of entire chromosomes. For the cell lines carrying unstable markers the data do not
support the idea that drug sensitivity is predominantly the result of transcriptional
silencing (by recombination or mutation) of transgenes, since markers are entirely lost
from the cells that are drug sensitive (see Figs. 2, 3 and 7). Unfortunately, the lack of
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linked endogenous markers for individual MCs means that it is not possible at present to
test for the presence of a MC after marker loss. In terms of the extremely stable markers,
it is formally possible that low loss rates are the result of recombination from unstable
MCs to stable loci on other chromosomes. However, such recombination would have to
be: 1. rapid relative to MC loss and 2. consistently favourable in terms of marker
transcription despite the absence of selective pressure. On the current data it is most likely
that the rates of marker loss or stability are indicators of loss or stability of the marked
MC as a whole.
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SECTION 5 – EXPRESSION

PREFACE TO SECTION 5
The data presented in this section are primarily of interest to the trypanosome research
community as they suggest a technological improvement to the exogenously-regulated
expression systems that are widely used in Trypanosoma brucei. We chose a short
communication in a trade journal as being the fastest and most effective way of getting
the principle out into people’s labs where it can be tested in ‘real’ experiments. The short
communication has been accepted for publication in Molecular and Biochemical
Parasitology.
The Additional Information chapter contains a little more information on the quantitative
real-time PCR system used in the paper. It also contains some data on levels and kinetics
of GFP expression in cell lines carrying marked MCs.
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Short communication

Targeting of a tetracycline-inducible expression
system to the transcriptionally silent
minichromosomes of Trypanosoma brucei

Bill Wickstead, Klaus Ersfeld, Keith Gull

K e y w o r d s : Trypanosoma; Gene regulation; Tetracycline; Minichromosomes;
Transcription
Abbreviations: BSF, bloodstream-form; GFP, green fluorescent protein; IC, intermediate
chromosome; MBC, megabase-sized chromosome; MC, minichromosome; PCF,
procyclic-form; PCR, polymerase chain reaction; pol I, RNA polymerase I; pol II, RNA
polymerase II; tet, tetracycline; rDNA, ribosomal RNA genes; TUB, α/β-tubulin gene
locus; VSG, variable surface glycoprotein
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1. INTRODUCTION
Tetracycline-regulated ectopic gene expression [1, 2] has come to form the backbone of
transgenic manipulation of Trypanosoma brucei. It has been used for the expression of
toxic gene products [3] for conditional knock-outs [4] and in RNA interference [5, 6]. The
system has been used to induce expression levels higher even than those of the most
active endogenous loci and has been shown to regulate protein levels 104-fold in the most
favourable cases [2].
In spite of many successes, tet-responsive gene expression in trypanosomes has also
encountered limitations. Gene regulation over the huge range seen in the initial report has
been difficult to recapture – most notably, lower levels of regulation have been observed
in the cell lines now most commonly used in transgenic studies. Secondly, the levels of
non-induced and, to a lesser extent, induced expression appear to be acutely clonespecific. For example, Biebinger et al. [7] described vectors for inducible expression of
toxic gene products; the vector producing the clone with greatest regulation (700-fold at
the protein level) also showed 6-fold or lower regulation in 5 of 10 clones analysed.
Finally, in inducible RNAi knock-down studies (in which endogenous mRNAs are
specifically ablated upon induction of ectopic double-stranded RNA production), some
groups report bleed-through of characteristics of RNAi-induction in non-induced cells.
Others have noted a failure to obtain stable transformants when inducible RNAi is
directed against certain genes. Both these phenomena are thought be the result of ‘leaky’
(i.e. undesirably high) expression of the regulated genes in the absence of induction.
Here we report that loci on the endogenous minichromosomes of T. brucei may be
targeted for transgenics as a means to improve the regulation of a tet-inducible construct.

2. ECTOPIC EXPRESSION FROM MINICHROMOSOMES
In Trypanosomatidae, choice of integration site for inducible vectors is hampered by an
unusual gene organisation and the promiscuous nature of RNA polymerase II (pol II). The
majority of genes of these organisms are transcribed processively by pol II from very long
polycistrons found on the megabase-sized chromosomes (MBCs). To facilitate this, the
polymerase seems able to initiate transcription from very many sites in the genome, with
an apparently low level of DNA sequence specificity. As a result – for tight downSection 5
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regulation of non-induced cells – integration must avoid not only active genes, but also
chromatic regions which may initiate pol II transcription, or be party to its read-through.
The standard target sequence for inducible vectors in T. brucei has come to be the region
upstream of the promoter for the 18S rRNA gene [8] – a site referred to here as the rDNA
spacer. This MBC region has been shown to be quiescent by nuclear run-on analysis [9]
and is targeted such that inducible genes run in the opposite direction to that of
neighbouring endogenous genes [2]. Even with this level of theoretical protection, in
some instances the level of regulation of constructs targeted to this site is low.
There are, of course, other potential integration sites within the T. brucei genome which
might reasonably be expected to give good down-regulation of inducible vectors.
Prominent amongst these are loci on the minichromosomes (MCs): the population of 100
or so small linear chromosomes maintained by the organism as a reservoir for VSG genes
(review [10]). Unlike the gene-dense MBCs, MCs are 30–150 kbp in size and consist
predominantly of a repeat of ~177 bp [11] which is highly enriched in MCs and also
found on the intermediate chromosomes (ICs; 200–700 kbp). This sequence is believed to
form a large repetitive central core to MCs which is flanked by non-repetitive
subtelomeric regions containing VSG genes (VSGs) and capped by telomeres [12, 13] – a
model we have confirmed by mapping several MCs (data not shown).
MCs are potentially good sites for inducible vector integration for several reasons. Most
importantly, they are transcriptionally silent – no active genes are present along the entire
chromosome. It follows that insertion of ectopic DNAs to MCs will not disrupt
endogenous gene expression (the same can not be said of insertion into MBCs). MCs
contain a large amount of repetitive DNA which is likely to be heterochromatic in nature.
It is anticipated that a more closed chromatin structure might promote better regulation of
integrated vectors. Finally, endogenous MCs are stable with respect to mitosis [14, 15].
We have targeted integrative vectors to 5 sequences – the commonly used rDNA spacer
and α/β-tubulin gene array locus (TUB), both found on MBCs, and 3 minichromosomal
sites: the 177 bp repeat, V S G-G4 and V S G-S8. Both minichromosomal VSGs are
subtelomeric and can be found on different MCs [15].
Figure 1A shows the structure of the inducible vectors used in this study. The plasmids
are essentially derivatives of pHD430 described by Wirtz and Clayton [2], though a
breakbreak
Section 5

137

Figure 1. Inducible expression from different sites in the T. brucei genome. (A)
Anatomy of inducible expression vectors. Targeting sequences are: rDNA spacer,
177 bp repeat, and the minichromosomal VSGs G4 and S8. Vectors for expression
in procyclic-form (PCF) and bloodstream-form (BSF) cells differ only in the inducible
promoters used: tetracycline-inducible procyclin EP1 promoter (Ti-PEP1) for PCF and
tetracycline-inducible T7 polymerase promoter (Ti-PT7) for BSF. (B) Flow cytometric
analysis of GFP levels for stably transformed cell lines grown for 7 days in the
-1
presence (thin solid line) or absence (thick solid line) of induction (1 µg ml
-1
tetracycline PCF; 1 µg ml doxycycline BSF). Untransformed cells (dotted line) are
also shown.

number of changes have been made. They were designed for expression of GFP and a
hygromycin drug-resistance marker under the action of a single tet-responsive promoter.
In PCF cells this was a derivative of an endogenous procyclin EP gene promoter,
recruiting endogenous pol I [2]. In BSF cells a tet-inducible derivative of a T7 RNA
polymerase promoter was used [16]. A further vector was made lacking either promoter
(not shown). This vector was not inducible and was targeted to the TUB locus, relying on
pol II read-through for expression. We can supply further sequence data and full lineage
for these vectors on request.
We used these vectors to stably transform T. brucei strain 427-derived cell lines
expressing tetracycline repressor (PCF) or tetracycline repressor and T7 RNA polymerase
(BSF) – ‘PTP cell line’ (details from authors) or the ‘single-marker cell line’ described by
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Wirtz et al. [17], respectively. Transformation was carried out as in [16]. Positive
transformants were selected by growth for 14 days in the presence of induction (1 µg ml-1
tetracycline PCF; 1 µg ml-1 doxycycline BSF) and selective drug (20 µg ml-1 hygromycin
B PCF; 10 µg ml-1 hygromycin B BSF), as well as drugs for maintenance of background
(2 µg ml-1 phleomycin PCF; 2 µg ml-1 G418 BSF). For analysis, independent clones were
grown with background selection for a further 7 days with or without induction.
Each targeting sequence tested yielded positive transformants in both PCF and BSF cells.
Southern hybridisation to whole chromosomes separated by pulsed-field gel
electrophoresis demonstrated that VSG-targeted constructs were integrated into MCs in all
clones analysed (n=14). Constructs directed toward the 177 bp repeat were integrated into
MCs (~80%, 30 of 38) or ICs (~15%, 6 of 38) – consistent with the distribution of the
repeat in the genome – with the remainder integrated into MBCs or as episomes (~3%, 1
of 38, in both cases).
These data illustrate that loci on normally silent MCs can support ectopic expression in
both PCF and BSF lifecycle stages.

3. REGULATION OF INDUCIBLE EXPRESSION FROM
DIFFERENT GENOMIC SITES
To assess the transcriptional activity of vectors integrated into different genomic
locations, we employed the technique of quantitative real-time reverse-transcription PCR.
Total mRNA was harvested from actively dividing trypanosomes (High-Pure RNA
isolation kit, Roche) and cDNA created by reverse-transcription (Omniscript kit, Qiagen)
using an oligo-(dT)15 primer. Relative amounts of GFP cDNA were then assessed by
quantitative PCR employing a 5’-nuclease assay, in which the extent of amplification is
assessed by release of a fluorophore from a labelled oligonucleotide probe (Taqman
probes, Applied Biosystems). GFP mRNA levels were normalised against a separate
assessment of constitutive γ-tubulin mRNA to control for loading, RNA quality and RT
efficiency. No-reverse-transcription and no-template controls were included to check for
genomic DNA contamination and mis-priming. We estimate this system to be capable of
quantitation across more than 6-orders of magnitude of mRNA concentration in
trypanosomes.
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We investigated levels of expression in 3 independent randomly-selected clones from
each of the stable transformations of PCF cells targeting the sites: rDNA spacer, 177 bp
repeat, VSG-G4 and VSG-S8. 3 clones expressing GFP by read-through at the TUB locus
were also included in the analysis for PCF cells. For BSF cells, only rDNA spacer, 177 bp
repeat and VSG-G4 were targeted.
The effect of different integration targets on the relative cellular concentration of GFP
mRNA is shown in Fig. 2A. In PCF cells containing tet-inducible EP1 promoter, fullyinduced constructs targeted to the rDNA spacer resulted in GFP mRNA levels about 5fold above those produced by pol II transcription from the TUB locus – consistent with
the results of other studies. These mRNA levels were matched in induced clones in which
minichromosomal VSGs had been targeted. The concentration of GFP mRNA in induced
177 bp-tagged clones was somewhat lower – at or just above the level of pol II readthrough – indicative, perhaps, of the more condensed nature of chromatin at these loci.
To our surprise, the regulation of constructs targeted to the rDNA spacer was very poor
(on average 7-fold). 2 out of 3 clones failed to be down-regulated even to the level of the
TUB read-through construct (3-fold regulation) and the best regulated clone only showed
16-fold induction. For all clones analysed, regulation was vastly improved when
minichromosomal loci were targeted instead of the rDNA spacer – mean regulation of
~170-fold regulation was observed for 177 bp-targeted clones; targeting
minichromosomal VSG-G4 and -S8 resulted in around 600-fold and 120-fold regulation,
respectively.
BSF cells were stably transformed using constructs similar to those used for PCF cells
except that a tetracycline-responsive T7 promoter was used in place of the procyclin EP1
promoter. Again 3 independent clones were selected at random for each site targeted.
These clones showed a slightly different pattern of fully-induced mRNA levels to those
observed in PCF equivalents; the rDNA spacer was in this case the target site displaying
weakest transcription, followed by the 177 bp repeat and with VSG-G4 the most active
site. Unfortunately, little can be inferred from the differences in expression levels
between PCF and BSF cells in which the same sequences were targeted, since the
inducible genes in the two life-cycle stages are transcribed by different polymerases. It is
interesting, however, that in neither life-cycle stage did the minichromosomal VSGs show
a noticeable degree of telomeric-silencing. Moreover, high-level ectopic expression could
break
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Figure 2. Regulation of tetracycline-responsive expression from different sites in the T. brucei
genome. Procyclic-form (PCF) and bloodstream-form (BSF) cells were stably transformed with
the vectors shown in Fig. 1. Results are shown for 3 independent randomly-selection clones for
each integration target site grown for 7 days in the presence (×) or absence (• ) of induction
-1
-1
(1 µg ml tetracycline PCF; 1 µg ml doxycycline BSF). Hatched box represents levels of
expression from 3 independent clones tagged with a promoter-less construct targeted to the α/βtubulin gene array (TUB).
(A) Effect of integration target site on GFP mRNA levels. Relative mRNA concentration was
assessed by quantitative real-time reverse-transcription PCR. Background represents the
maximum amplification from no-RT and no template controls. (B) Effect of integration target site
on GFP levels. Green fluorescence was assessed by flow cytometry and is displayed as units
above fluorescence of untransformed (non-GFP expressing) cells. Background represents the
error in measurement of fluorescence of untransformed cells.
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be induced from a normally silent MC-VSG locus (although not, it should be noted, of the
VSG itself) in BSF cells expressing a different VSG from an expression-site on a MBC.
In BSF clones, as with PCF clones, the regulation of GFP mRNA from the rDNA spacer
was extremely poor (~3-fold) and again regulation was greatly increased by targeting
integrative constructs to minichromosomal loci. Regulation was not significantly different
between 177 bp and VSG-G4 targeted constructs (mean induction of 600- and 400-fold,
respectively), but targeting the 177 bp repeat gave lower levels of mRNA in the noninduced state.
We corroborated the results of the regulation of GFP mRNA by looking at regulation of
the protein by flow cytometry. Figure 1B shows the levels of green fluorescence seen in 7
representative clones in which different genomic sites have been targeted for the insertion
of inducible vectors. Figure 2B shows the effect of integration target site on the average
cellular green fluorescence of the clones analysed in Fig. 2A. For clones showing greater
regulation of mRNA, levels of GFP in the non-induced state were difficult to assess since
fluorescence was very close to that of untransformed cells (‘background’ in Fig. 2B).
Interestingly, however, for those clones safely within the window of resolution, regulation
of protein levels was in all cases better than that seen for mRNA. This is particularly
pronounced in BSF cells, where rDNA spacer-tagged clones which are regulated only ~3
fold at the mRNA level, show a ~14 fold change in average cellular green fluorescence.
The origin of this difference is unknown. None-the-less, patterns of regulation observed at
the level of mRNA were also seen for protein levels – greatest regulation was observed
when constructs were integrated into minichromosomal loci rather than the rDNA spacer.
In summary, constructs were developed to test a tet-inducible system integrated at
different genomic locations in T. brucei. Ectopic expression could be achieved not only
from MBC loci (rDNA spacer and TUB), as described previously, but also 177 bp repeat
and VSG loci on MCs. Regulation of vectors incorporated into MCs was found to be
much greater than for those targeted to the rDNA spacer, due to a better down-regulation
of expression in the non-induced state. The system has yet to prove itself in a sufficiently
large number of transgenic studies, but its potential for many applications can be clearly
seen. We are particularly interested in the application of MC-targeting to the burgeoning
field of RNAi in African trypanosomes. To this end we have developed a modified
version of the p2T7Ti plasmid [5] which replaces the rDNA spacer targeting sequence
with 177 bp repeat sequence (p2T7Ti-177). Initial data obtained using this construct are
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promising. We have used integration at 177 bp repeat loci in BSF cells to drive inducible
lethal RNAi knockdown of a protein involved in transcriptional regulation. Our previous
attempts to generate similar RNAi cell lines by integration at the rDNA spacer had failed.
The vector p2T7Ti-177 can be obtained from the authors on request.
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ADDITIONAL INFORMATION
Quantitative real-time PCR
The quantitative real-time PCR system used for assessing GFP mRNA concentrations
was based on release of fluorescence by the 5’-exonuclease activity of Taq during
extension. The system was chosen because it provides a huge dynamic range of
quantitation. Figure 3 exemplifies this with the detection of cDNA over 5 orders of
magnitude of concentration. It can be seen that this is well within the capacity of the
system. Effectively, the lower limit of sensitivity for the system is set by the degree to
which genomic DNA contamination can be avoided in RNA preparations. No-reversetranscription controls were run for all samples used in the analysis. These data make up
the ‘background’ level in Fig 2 – all show DNA contamination levels more than 2-orders
of magnitude below the lowest cDNA concentrations. No-template controls consisted of
cDNA from untransformed cells and blank reactions. Figure 4 exemplifies the assessment

Figure 3. Demonstration of the dynamic range of real-time reverse-transcription
PCR. Graphs show release of green fluorescence from reactions containing cDNA of
n
GFP-expressing BSF clones and 10 -fold dilutions thereof (n=1,2,3,4,5). Data from
cDNA dilutions of 2 clones are shown. Primers and probe were specific for GFP.
Primers: AGCAAAGACCCCAACGAGAA and GGCGGCGGTCACGAA, 0.33 µM
each. Probe: 5’-FAM-CGCGATCACATGG-TCCTGCTGG-TAMRA-3’ , 0.2 µM. Cycle
conditions were: {95°C, 15 s; 60°C, 60 s} ×40.
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Figure 4. Examples of quantitative real-time PCR data used for assessing GFP
mRNA concentrations in transformed cell lines. Graphs show release of green
fluorescence from reactions containing cDNA of 2 transformed PCF clones in the
presence (green lines) and absence (red lines) of tetracycline. No-reversetranscription controls (blue lines) are shown for the same cell lines in the absence of
tetracycline, but are very similar in the presence of tetracycline (not shown). Data
from untransformed PTP cDNA (orange line) and blank reactions (pink line) are also
shown. Independent assessments of GFP and γ-tubulin levels were made for each
sample. GFP primers and probe as in Fig. 3. γ-tubulin primers:
TGTCGAACAAATGAATGGTCTTG and CCCGGATAACGCAGCGT. γ-tubulin probe
5’-FAM-AGCACCGTCATGGCAGCCTCAAC-TAMRA-3’. Concentrations and conditions
as in Fig. 3.
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Figure 5. Specific amplicons from reverse-transcription PCR reactions. Reactions
were run under the same conditions as Fig. 3 for 32 cycles. Templates: none (blank);
untransformed PCF cDNA (PTP); no-reverse-transcription control (no RT);
transformed cell line in the absence of tetracycline (-tet); same cell line in the
presence of tetracycline (+tet). GFP and γ-tubulin primers and probes as in Fig. 3
and 4. Expected amplicon sizes: 59 bp GFP; 68 bp γ-tubulin. Note that even when
mispriming is observed (PTP, GFP), there is no concomitant release of fluorescence
(see Fig. 4).

of GFP mRNA concentrations in clones carrying marked MCs in the presence and
absence of tetracycline. Specific amplicons were observed from PCR reactions and the
necessity for probe hybridisation for fluorescence release adds an extra level of specificity
to the quantitation (Fig. 5).
Kinetics of induction and suppression
We investigated the kinetics of induction (addition of tetracycline) and suppression
(removal of tetracycline) of exogenously-regulated expression from ectopic
minichromosomal markers by monitoring GFP levels (Fig. 6). For suppression of
expression, after a lag of ~8 hrs, loss of GFP fluorescence is approximately first-order
with a rate of 0.11 hr-1 (see Fig. 6B). Since the generation time for this cell line is 8.5 hr
(data not shown), the majority of GFP fluorescence loss is simply the consequence of
dilution through growth (0.08 hr-1). It follows that the rate of turnover of GFP protein in
the cell line is ~0.03 hr-1. Induction follows more complex kinetics. There is also a
difference in the manner in which induction and suppression affect GFP levels in
individual cells. This can be seen in the GFP expression profiles (Fig. 7).
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Figure 6. The kinetics of induction and suppression of exogenously-regulated
expression from the minichromosomal VSG-S8 locus. (A ) Mean cellular green
fluorescence levels, assessed by flow cytometry, for transformed procyclic cells
maintained in the absence of tetracycline to which tetracycline was then added
(induction), or cells maintained in the presence of tetracycline from which tetracycline
was then removed (suppression). Data from cells maintained continuously in the
presence (+drug) or absence (-drug) of tetracycline is also shown, along with
untransformed cells (PTP). (B) The same data displayed as units above background
fluorescence (mean of –drug and PTP data). Trendline (dotted) represents
-1
exponential loss of 0.11 hr .

Since the vectors used in this study express drug-resistance and GFP markers on the same
polycistron, selection of positive transformants was done in the presence of tetracycline.
For measurements of GFP mRNA and protein levels in the ‘off’ state cell lines were
maintained in the absence of tetracycline for 7 days (see Fig. 2). Assuming all expression
was ablated in these cells, extrapolation of suppression kinetics results in expected GFP
protein levels at 7 days ~108-fold below those of fully induced cells. mRNA levels would
obviously be less than this. This suggests that the data presented in Fig. 2 represent true
‘off’ state equilibrium levels, rather than being ‘snapshots’ of systems returning to lower
levels.
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Figure 7. GFP profiles during induction and suppression of exogenously-regulated expression from the minichromosomal VSG-S8 locus. Cellular green
fluorescence levels were assessed by flow cytometry for transformed procyclic cells maintained in the absence of tetracycline to which tetracycline was
then added (induction), or cells maintained in the presence of tetracycline from which tetracycline was then removed (suppression). Data from cells
maintained continuously in the presence (+drug) of tetracycline are also shown, along with untransformed cells (PTP).

Figure 8. Tetracycline sensitivity of exogenously-regulated expression from the
minichromosomal VSG-S8 locus. Mean cellular green fluorescence levels were
assessed by flow cytometry for transformed procyclic cells maintained for 5 days in
the absence of tetracycline and then 2 days in the concentrations of tetracycline
shown.

Expression levels
Figure 8 shows the sensitivity of regulated expression to tetracycline levels. Halfmaximal expression levels are achieved at 1–10 ng ml-1 tetracycline. During the course of
the experiments described in this thesis, the GFP expression levels of a large number of
transformed cell lines were assessed by flow cytometry. Some facets of these data have
already been described in Sections 4 and this section. The final figure in this section,
figure 9, shows how the levels of GFP expression are influenced by integration target site.
For PCF cells, which contain tetracycline-regulated EP1 promoters, the highest levels of
expression are achieved by integration into the rDNA spacer or minichromosomal VSGs
(Fig. 9A and C). Integration into the (presumably heterochromatic) 177 bp repeat reduces
average expression levels by ~3-fold. Interestingly, targeting the ‘reverse’ orientation of
the repeat (see Sections 3 and 6) such that transcription runs towards the most proximal
telomere, gives around twice the GFP levels obtained by targeting ‘forward’ repeats. This
raises the possibility that targeting the ‘reverse’ orientation 177 bp repeat might give a
further improvement in regulation. However, the most common failing reported
(somewhat anecdotally) for the tetracycline-regulated systems currently in use is
undesirably high expression in the absence of induction. By analogy to the regulation of
plasmids integrated at minichromosomal VSGs, it might be expected that the higher levels
Section 5

150

of ‘on’ state expression would be accompanied by increases in ‘off’ state transcription.
For these reasons, the regulation of plasmids integrated into ‘reverse’ orientation 177 bp
repeats has not been investigated further. Furthermore, the simpler tetracycline-regulated
T7 promoter used in BSF cells, is not so sensitive to its site of integration (Fig. 9B and
D).
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Figure 9. Effect of targeted integration site on the fully-induced GFP levels in PCF (A) and BSF (B) clonal cell lines. Mean cellular green fluorescence
levels were assessed by flow cytometry. Target sites were: β-tubulin gene (tubulin); rDNA spacer (rDNA); VSG-S8; VSG-G4; and 177 bp repeat –
‘forward’ orientation Type1 (177-t1) and Type2 (177-t2), and ‘reverse’ orientation Type1 (rev177) – see Section 6 for full discussion. (C) and (D) show
the data from (A) and (B) combined for each integration site.

SECTION 6 – INTEGRATION

PREFACE TO SECTION 6
This section consists of a paper, again written for a general molecular biology journal, on
the frequency of gene targeting in Trypanosoma brucei. Much to my surprise, these data
appear to be the most controversial (in the trypanosome research community, at least) of
the 5 results-section data sets. Two senior lab heads have already expressed doubts. Their
objections were that the data contradict lab wisdom built from numerous transformations
– generally speaking, you will get more transformants from the constructs targeted to
tubulin loci than rDNA spacer loci. Content that this fits with an intuitive notion that
integration frequency should depend on target copy number (the tubulin genes existing at
around twice the copy number of the rDNA spacer), my data seem anomalous.
I would like to say that, on the first point, I entirely agree! In our lab too, the tubulindirected constructs result in more transformants than those directed to the rDNA spacer.
However, we do not target the same plasmids to both loci – those encoding biologically
neutral products go to the tubulin array, while those encoding active products (doublestranded RNAi, toxic gene products, etc.) are put in the rDNA spacer. Since regulation at
the rDNA spacer can, in some cases, be quite poor (Section 5), is it any wonder that
tubulin-directed constructs are more successful?
There are, of course, other interpretations possible for the data presented in this section.
Predominant amongst them is a site-specific targeting frequency that counteracts target
site copy number effects. However, since the integration efficiency displayed by the cell
lines was so staunchly resistant to variations in so many factors, I think that a true
independence of gene targeting frequency and target copy number is the most
parsimonious explanation.
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The frequency of gene targeting in Trypanosoma

brucei is independent of target-site copy number

Bill Wickstead, Klaus Ersfeld, Keith Gull

ABSTRACT
We have investigated the effect of target copy number on the efficiency of
stable transformation of the protozoan parasite Trypanosoma brucei. Using
a single strain of the organism, we targeted integrative vectors to different
genomic sequences occurring at copy numbers ranging from 1 to ~30 000
per diploid genome. Even over such a vast range, frequency of gene
targeting was the same for all sites. Such 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 distinction which
may be the consequence of the different mechanisms of pathogenicity in
the two species.

Keywords: Trypanosoma; Gene targeting; Stable transformation; Minichromosomes
Abbreviations: BSF, bloodstream-form; GFP, green fluorescent protein; IC, intermediate
chromosome; MBC, megabase-sized chromosome; MC, minichromosome; PCF,
procyclic-form; rDNA, ribosomal RNA genes; TUB, α/β-tubulin gene locus; VSG,
variable surface glycoprotein; ZPFM, Zimmerman post-fusion medium
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1. INTRODUCTION
The ability to make specific 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 straight-forward – 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. T. brucei, and the closely related parasites T. cruzi and Leishmania, are
significant 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 chromosome structure. As well as being used for gene disruption, in
T. brucei gene targeting is the predominant approach for stable transformation when ciseffects 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 a sufficient improvement in transformation efficiencies 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 specified
chromosomal 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 [9-11]. In the
Kinetoplastidae Trypanosoma and Leishmania, as for S. cerevisiae [12], the reverse is

Section 6

155

true with nearly all integration events proceeding by homologous recombination [1, 4,
13].
Given the importance of gene targeting to the study of parasite pathogenesis and to the
wider study of more general biology, a knowledge of the parameters that influence 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 to
the target site, 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 efficiency of integration at genomic sequences occurring at low,
intermediate and very high copy numbers and found no difference in the frequency of
gene targeting. These data are in contrast to the situation in S. cerevisiae, where gene
targeting frequency is dependent on target copy number, and suggest that, in common
with mammalian cells, the search for homology is not rate-limiting in T. brucei
homologous recombination.

2. MATERIALS AND METHODS
2.1. Targeting constructs
The plasmids used in this study are similar in structure to the pHD430 vector described
by Wirtz and Clayton [14]. The vectors pGad7, pGad8-177t1, pGad8-rev177, pGad8-V4
and pGad8-V8 have been described previously (Section 3). pGad8-177t1 and pGad8rev177 contain single ‘Type 1’ repeats. ‘Type 2’ repeat targeting sequence in pGad8177t2 was produced in 2 halves by PCR from a T. brucei strain 427 gDNA template:
~90 bp-sized

DNA

from

a

PCR

using

the

primers

CTGGAGCTCTTTAATGGTCCTTATACG and CGCGGATCCGTAATTAATATGGCACAC;

and

~90 bp-sized

DNA

from

a

PCR

using

the

primers

CGCGGATCCGTGTGCAACATTAAATAC and GACCTCGAGACCCATTAAACACTAAAG. These were digested SacI-BamHI and BamHI-XhoI, respectively, and used
in a 3-way ligation with SacI-XhoI digested pGad7. The longer targeting sequence in
pGad8-3x177t2 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 [15] using the primers CTGGAGCTCATATAGTTG
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and GACCTCGAGCATTTGTTCTTCTAC, followed by SacI-XhoI digestion. Ligation
of this sequence into SacI-XhoI digested pGad7 gave the vector pGad8-rDNA. The
pGad8-tubulin construct contains no promoter, relying on transcriptional read-through
from the surrounding genes for marker expression. It was obtained by replacing the MCS,
promoter and EP splice-acceptor sequence of pGad7 with a partial β-tubulin gene and
aldolase splice-acceptor sequence.
Constructs for stable transformation of BSF cells – pGad9-rDNA, pGad9-177t2 and
pGad9-V4 – were produced by PCR amplification of the tetracycline-inducible T7
promoter from pLew82 [15] with the primers CCGCTCGAGCCTGATTAATACGAC
and CCCTTGCTCACCTAG, followed by XhoI-HindIII digestion and ligation into XhoIHindIII cut pGad8-rDNA, pGad8-177t2 and pGad8-V4, respectively.
2.2. Cell lines
Both PCF and BSF cell lines used were derived from T. brucei strain 427 culture-adapted
cells. PCF cells were the PTP cell line described previously (Section 3). The cell line
expresses the tetracycline repressor and a phleomycin resistance marker (Bleor) from the
tubulin locus. BSF cells were the ‘single-marker cell line’ described by Wirtz et al. [15]
and express the tetracycline repressor and T7 RNA polymerase. PCF cells were cultured
at 28°C in SDM-79 [16] supplemented with 10% v/v foetal calf serum (FCS). BSF cells
were cultured at 37°C, 5% CO2 in HMI-9 [17].
2.3. Trypanosome transformation
Transformations were carried out essentially as in [18]. For PCF cells, 2.5 × 107 healthy,
actively-dividing cells were harvested by centrifugation (5 min at 500 g) washed once in
ice cold ZPFM [19], recentrifuged and then resuspended in ZPFM at 5 × 107 cells ml-1. To
these cells was added 20 µg of linearised vector prior to electroporation twice at 1.5 kV
with 3×100 µs 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
dosage. Post-electroporation, cells were allowed to recover in normal growth medium for
16 hr with induction (1 µg ml-1 tetracycline), after which time a cell count was performed
and the proportion of cells positive for GFP was assessed by flow cytometry. Stable PCF
transformants were selected for by aliquoting cells into 96 well plates at 2 × 105, 2 × 104,
and 2 × 103 cells well-1 and 20 µg ml-1 hygromycin B.
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BSF transformations were as for PCF excepting the following: ZPFM supplemented with
1% w/v glucose at 37°C was used in place of cold ZPFM, 50 µg of linearised vector was
used, cells were only electroporated once, induction was with 1 µg 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 transformants were selected in a single 24 well plate containing 10 µg 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 hygromycinresistance gene was integrated into an endogenous chromosome (n=46; data not shown).
2.4. Assessment of transformation efficiencies
An assessment of the number of positive transformants arising was made from the
number of positive wells by assuming a Poisson distribution, P(λ), where λ is the mean
number of positive transformants per well. Hence, the probability of any well being
negative, p0, is given by:

and it can be shown that a measurement of λ can be written,

where n+ is the number of positive wells and N is the total number of wells. This was
considered a good measure of λ for any plate so long as it had no more than 80% of wells
positive.
For each transformation in PCF cells, up to 3 estimates of λ could be gained (one from
each plate), and up to 3 independent transformations were performed for each targeting
sequence. In BSF cells, where the transformation efficiencies are much lower, only one
estimate of λ per transformation was possible and 4 independent transformations were
performed for each targeting sequence analysed. Integration efficiencies (PCF only) were
assessed from the transformation efficiencies by dividing by the proportion of cells
positive for GFP at 16 hr post electroporation.
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2.5. Database mining
Sequence data were produced by the Pathogen Sequencing Group at the Sanger Institute
(Wellcome Trust Genome Campus, Hinxton, Cambs, CB10 1SA) and can be obtained
from ftp://ftp.sanger.ac.uk/pub/pathogens. From the large number of sequencing reads
containing 177 bp repeat sequence, we picked 20 GSS reads at random. These contained a
total of 42 complete (that is, AluI to AluI) copies of the 177 bp repeat.

3. RESULTS
3.1. Transformation efficiencies for PCF cells
In Trypanosoma, since integration by homologous recombination predominates, the
efficiency of stable integrative transformation can be taken as a direct measure of the
frequency of gene targeting. We compared the efficiency of stable transformation of T.
brucei cells when 5 sites present at very different copy numbers were targeted (see Table
1). Initially, we transformed a single strain laboratory culture of procyclic form (PCF)
cells. These cells are derived from the insect mid-gut lifecycle stage of the parasite. The
vector target sequences were: the β-tubulin gene [20]; the region upstream of the
promoter for the 18S rRNA gene (referred to here as the rDNA spacer) [21]; the 177 bp
repeat [22]; VSG-G4; and VSG-S8 [23]. Figure 1 shows the anatomy of the plasmids used.

Target sequence

Copy number

β-tubulin gene

a

Number of
a
arrays

Copies per array

Refs.

34–38

2

17-19

[24, 25]

rDNA spacer

15–20

6-7

~3

[21, 26, 27]

177 bp repeat

30 000–50 000

~100

300–500

[22, 28]

VSG-G4

4

4

1

[23]

VSG-S8

1

1

1

[23]

b

b

a

per diploid genome.
Our data from mapping MCs (not shown) suggest a smaller core of 177 bp repeats than the
estimate in [28].

b

Table 1. The copy numbers of the 5 sequences in the Trypanosoma brucei genome
that were targeted in this study.
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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: β-tubulin gene; rDNA spacer; the minichromosomal VSGs G4 and S8; and 4 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 3 direct
Type 2 repeats (3x177-T2). Constructs for the transformation of procyclic form (PCF) cells contained either no promoter or a tetracycline-inducible
procyclin EP1 promoter (Ti-PEP1). Constructs for the transformation of bloodstream form (BSF) cells contained a tetracycline-inducible T7 polymerase
promoter (Ti-PT7). Targeting sequences and promoters were combined as shown.

Two of integration target sites – the β-tubulin gene and the rDNA spacer – are found on
the diploid megabase-sized chromosomes (MBCs) which carry all of the constitutively
active portion of the trypanosomal genome. Both are multicopy but differ in their
distribution – α- and β-tubulin genes alternate in an array of up to 19 repeats at the
diploid TUB locus [24, 29, 25], while the rDNA spacer can be found dispersed on several
chromosomes at a total copy number of 15–20 [26, 27].
The remaining 3 targeting sequences were derived from sequences on T. brucei
minichromosomes (MCs). These small linear chromosomes (30–150 kb in size) appear to
be aneuploid [23] and a heterogeneous population of roughly 100 MCs is maintained by
the organism as a reservoir for variable surface glycoprotein (VSG) genes (reviewed in
[30]). Each of the minichromosomes consists predominantly of a repeat of ~177 bp [28]
which is also found on the intermediate chromosomes (ICs; 200–700 kbp). 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 2 targeted minichromosomal VSGs – VSG-G4
and VSG-S8 – are low copy number sequences; found as non-tandemly repeated,
subtelomeric genes on 4 or 1 MCs, respectively [23].
Figure 2A and B show the transformation efficiencies for vectors targeted to different
genomic sites in PCF cells. The efficiency of stable transformation is the product of the
efficiency of transfection (the proportion of cells into which exogenous DNA is
introduced) and the efficiency of integration (the proportion of cells containing
exogenous DNA that subsequently integrate the DNA into the genome). We have noticed
that the efficiency 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 efficiency – the proportion of cells positive for GFP
at 16 hr post-electroporation – to find the efficiency of integration in the transformation
experiments. An assessment of transfection efficiency (and hence integration efficiency)
could not be made for the tubulin-targeting construct since, unlike the other 4 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 show the integration efficiencies for the
transformations in Fig. 2A and B.
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Figure 2. Efficiency of transformation (A, B) and efficiency of integration (C, D) in PCF cells when
targeting genomic sequences occurring at different copy numbers. Cells were transformed with
the plasmids shown in Fig. 1. Targeting sequences were: β-tubulin gene; rDNA spacer; Type 1
177 bp repeat; VSG-G4; and VSG-S8. Data are from up to 3 assessments of efficiency from each
of up to 3 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 efficiencies with standard errors.
6
Transformation efficiencies are expressed as number of stable transformants per 10 cells at
16 hr post electroporation. Integration efficiencies are transformation efficiencies divided by the
proportion of cells positive for GFP at 16 hr post electroporation and are expressed as number of
stable transformants per 1 000 transfected (GFP-positive) cells.
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Figure 2 shows clearly that there is no relationship between target copy number and the
efficiency either of transformation, or of integration, of exogenous DNAs into the
Trypanosoma brucei genome. Genomic targets present at either 1 or ≥30 000 copies are
targeted at the same frequency. Also, there is no significant 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 efficiency as multicopy loci on MBCs
and the minichromosomal 177 bp repeats. This is not unprecedented, since Zomerdijk et
al. [26] have shown that transcription is possible from an orphaned rDNA promoter on an
unusual MC.
3.2. 177 bp repeat heterogeneity
Efficient homologous recombination requires a high degree of sequence identity between
substrates [31-33]. This requirement 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 [34, 35]. In Leishmania, gene
targeting has been shown to be ablated by 13% divergence between target and vector
[36]. It is likely that a similar situation exists in T. brucei since if several non-identical
genomic sites (heteroalleles) exist, those of the highest homology to the input plasmid are
targeted preferentially [37].
Given the high homology requirement for gene targeting, it is possible that the efficiency
of transformation when targeting the 177 bp repeat might reflect 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. 42
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 previous sections (Fig. 3). This original 177 bp repeat targeting sequence will be
referred to below as a ‘Type 1’ 177 bp repeat.
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Figure 3. An alignment to show the heterology existing between 177 bp repeats. Sequences are: the original sequence described by Sloof et al. [22]; the
Type 1 177 bp repeat (177-T1); and the Type 2 177 bp repeat (177-T2). The Type 2 repeat sequence is identical to the consensus of 177 bp repeat
sequences mined from the T. brucei genome sequencing project. Nucleotides differing from the sequence of Sloof et al. [22] are shaded.

Figure 4. Efficiency of transformation (A, B) and efficiency of integration (C, D) in PCF cells when
targeting different versions of the 177 bp repeat. 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); and 3 direct Type 2 repeats (3x177-T2). Cells were electroporated with vectors shown
in Fig. 1. with the targeting sequences shown. Data shown are up to 3 assessments of efficiency
from each of up to 3 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 efficiencies with
standard errors. Transformation efficiencies are expressed as number of stable transformants per
6
10 cells at 16 hr post electroporation. Integration efficiencies are transformation efficiencies
divided by the proportion of cells positive for GFP at 16 hr post electroporation and are expressed
as number of stable transformants per 1 000 transfected (GFP-positive) cells.
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From the strain of T. brucei used in transformation experiments, 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 a targeting sequence, the frequency of gene targeting and efficiency
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 influences integration. A Type 1 repeat in the reverse orientation targets exogenous
DNA to MCs just as effectively (Fig. 4).
3.3. Lengths of targeting sequences
In mammalian systems, the frequency of gene targeting is exponentially dependent on the
length of homology shared between donor plasmid and target locus. This holds for
lengths of homology up to ~10 kb after which the recombination frequency levels off and
decreases slightly [32]. In contrast, S. cerevisiae homologous recombination shows a
linear relationship between substrate length and amount of recombination [38].
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 [36]. Vectors with
<200 bp homologous sequence at one or both ends yielded no positive transformants in
Leishmania.
Figure 5 exemplifies the targeting sequences found in the vectors used to transform PCF
T. brucei cells in this study. Targeting sequences consisting of only 1 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 should
produced a concomitant increase in gene targeting for this site. We increased the 177 bp
repeat targeting sequence length 3-fold (3 direct Type 2 repeats) making the vector ends
breakbreak
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Figure 5. Lengths of targeting sequences used in constructs for the stable
transformation of Trypanosoma brucei. The target sequence ‘177’ is representative
of both Type 1 and Type 2 repeats. The positions of restriction enzyme sites used to
linearise vectors are shown. Sites shown in bold are engineered and do not occur in
the genomic target; the sites NotI in β-tubulin and PvuII in VSG-S8 are innate.

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 efficiency of transformation or integration
for the sequences tested. Also, the lengths of homology necessary for efficient
homologous recombination are much lower than for Leishmania or mammalian cell
cultures. These data are consistent with the work of Shen et al. [39], who demonstrated
that in T. brucei, targeting sequences of 50, 75 or 90 bp were able to induce gene
targeting with no significant differences in efficiency.
3.4. Transformation efficiencies for BSF cells
The nuclear environment of the parasite in the bloodstream stage of its lifecycle 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 [40]). Multiple sites of procyclin transcription are downregulated in
favour of a single subtelomeric VSG expression site (VSG-ES). Tight regulation ensures
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that only one of the potential VSG-ESs is expressed at one time while reciprocal (cross
over) and nonreciprocal (gene conversion) recombination events are used as one way of
switching the active VSG. There are also changes to chromatin structure [41]. For these
reasons it can not 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 experiments
analogous to those performed for PCF cells, we found the same independence of
transformation efficiency 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 3 sites showed
the same frequency of gene targeting (Fig. 6) – although the average frequency of
targeting was much lower than for PCF cells, as is expected for BSF cells.

Figure 6. Efficiency of transformation of BSF cells when targeting genomic
sequences occurring at different copy numbers. Cells were transformed with the
plasmids shown in Fig. 1. Targeting sequences were: rDNA spacer; Type 2 177 bp
repeat; and VSG-G4. Data shown are from 4 independent transformations performed
for each targeting sequence. Transformation efficiencies are expressed as number of
6
stable transformants per 10 cells at 16 hr post electroporation.
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4. DISCUSSION
The effects of target copy number on the frequency of gene targeting in Trypanosoma
brucei were assessed. Similar assessments have been made in yeast [42], mammalian
cells [43] and Leishmania [36] using isogenic cell lines in which particular genes had
been amplified. Since in such cells the targeting sequence remains the same while the
target copy number varies, this method removes artefacts that could result from
differences in targeting efficiency inherent to a particular donor or target. However,
studies using this method must contend with the possibility that the act of gene
amplification might alter the expression levels of proteins involved in the homologous
recombination pathway (see [36]). 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 5 genomic targets at
copy numbers of 1 (VSG-S8), 4 (VSG-G4), ~20 (rDNA spacer), ~40 (β-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 [42], targeting did not
seem to be strongly influenced by chromosomal context, since sites on MBCs were as
efficient 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 significantly biased by
heterogeneity occurring in the repeat population which might reduce the effective target
copy number. The data supporting this conclusion were two fold: 1. database mining
revealed a high degree of homology between the repeats and 2. 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 flanks on the vectors, since increasing the lengths of the targeting regions
had no affect on targeting efficiency. Indeed, we found no relationship between the length
of plasmid targeting sequence and frequency of targeting for flanks ranging from ~80 bp
to ~400 bp, adding to a similar observation made for targeting sequences of 50–90 bp in
length [39]. 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 [42]. Interestingly, the same copy
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number dependence is seen when tandemly repeated genes on linear amplicons of the
protozoan parasite Leishmania are targeted (though not for genes on circular amplicons)
[36]. For these organisms, the search for homology is rate-limiting to gene targeting. The
homologous recombination machinery must find a suitable locus for integration before
the input DNA loses its potency to some interfering process, presumably degradation by
nucleases. Contrastingly – 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 [43]. This conclusion is
supported by an independence of homologous recombination with respect to input DNA
dosage [44, 45]. 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 the trypanosome shares
with mammalian cells and one that is not shared by its relative, Leishmania.
It is unlikely that the pathways for gene targeting in yeast, 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 efficacy of searching would allow the recombination machinery adequate
time to explore a sufficient portion of the genome to prevent this step being rate-limiting.
Given that a major mechanism for trypanosome host immune evasion involves
recombination between VSG genes, it is perhaps not surprising that, of the two closely
related parasites, T. brucei should be the one to exhibit target copy number independence.
The predominantly intracellular parasite Leishmania, does not have such a reliance on
efficient homologous recombination for a known mechanism of pathogenicity.
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 [46, 39], show that only short
lengths of shared homology between input DNA and plasmid are necessary for efficient
gene targeting in T. brucei – well below those required in Leishmania [36]. Blundell et al.
[37] 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
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homology at the 3’ border consists of limited subtelomere identity. However, it is
possible that an organism might fulfil both criteria if homologous recombination required
only small blocks of very high homology as appears to be the case for T. brucei.
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