Downloaded from genome.cshlip.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Hemizygous subtelomeres of an African trypanosome chromosome
may account for over 75% of chromosome length

Sergio Callejas, Vanessa Leech, Christopher Reitter, et al.

Genome Res. 2006 16: 1109-1118
Access the most recent version at doi:10.1101/gr.5147406

References This article cites 33 articles, 8 of which can be accessed free at:
http://genome.cshlp.org/content/16/9/1109.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAi Genetic Screening.
Your new superpower. MORE CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Copyright © 2006, Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.5147406
http://genome.cshlp.org/content/16/9/1109.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.5147406&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.5147406.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Hemizygous subtelomeres of an African
trypanosome chromosome may account
for over 75% of chromosome length

Sergio Callejas, Vanessa Leech, Christopher Reitter, and Sara Melville'
Department of Pathology, University of Cambridge, CB2 1QP, Cambridge, United Kingdom

African trypanosomes are parasitic protozoa that infect a wide range of mammals, including humans. These parasites
remain extracellular in the mammalian bloodstream, where antigenic variation allows them to survive the immune
response. The Trypanosoma brucei nuclear genome sequence has been published recently. However, the significant
chromosome size polymorphism observed among strains and subspecies of T. brucei, where total DNA content may
vary up to 30%, necessitates a comparative study to determine the underlying basis and significance of such
variation between parasites. In addition, the sequenced strain (Tb927) presents one of the smallest genomes analyzed
among T. brucei isolates; therefore, establishing polymorphic regions will provide essential complementary
information to the sequencing project. We have developed a Tb927 high-resolution DNA microarray to study DNA
content variation along chromosome I, one of the most size-variable chromosomes, in different strains and subspecies
of T. brucei. Results show considerable copy number polymorphism, especially at subtelomeres, but are insufficient to
explain the observed size difference. Additional sequencing reveals that >50% of a larger chromosome | consists of
arrays of variant surface glycoprotein genes (VSGs), involved in avoidance of acquired immunity. In total, the
subtelomeres appear to be three times larger than the diploid core. These results reveal that trypanosomes can utilize
subtelomeres for amplification and divergence of gene families to such a remarkable extent that they may constitute
most of a chromosome, and that the VSG repertoire may be even larger than reported to date. Further
experimentation is required to determine if these results are applicable to all size-variable chromosomes.

[Supplemental material is available online at www.genome.org. Sequence tags derived from this study have been
submitted to the EMBL Nucleotide Sequence Database (http://www.ebi.ac.uk/embl): accession numbers A)J969959-

A)970139, AM 261525-AM 261620, and AM263038-AM263056.]

African trypanosomes include several species of parasitic proto-
zoa such as Trypanosoma brucei, which is responsible for African
sleeping sickness (trypanosomiasis) and kills many thousands of
people each year in sub-Saharan Africa (WHO 2002). There are no
vaccines against this parasite, and novel drugs and diagnostics
are required (Burri et al. 2004). Unlike related parasites such as T.
cruzi and Leishmania, African trypanosomes remain extracellular.
In the mammalian bloodstream the parasites are encased in a
dense coat of surface glycoprotein and they have a sophisticated
mechanism of antigenic variation, involving switching expres-
sion from one surface protein variant to another, which allows
the infecting population to avoid complete destruction by the
mammalian immune system (for review, see Barry and McCul-
loch 2001). The genome contains a large repertoire of non-
expressed variant surface glycoprotein genes (VSGs) that may be
copied into one of several VSG expression sites containing VSG
promoters, only one of which is active at a time.

Recent publication of the T. brucei genome sequence (Berri-
man et al. 2005) has revealed that the 11 pairs of megabase chro-
mosomes of T. brucei share a common architecture: a diploid
central chromosome core containing closely spaced genes show-
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ing a high level of synteny with other trypanosomatids (Ghedin
et al. 2004; El-Sayed et al. 2005), and subtelomeres containing 7.
brucei-specific genes and other sequences. Among these are rap-
idly evolving gene families such as RHS, highly variable genes of
unknown function that contain a hot spot of insertion for retro-
elements (Bringaud et al. 2002), LRRP (Leucine Rich Repeat Pro-
tein), and VSGs.

However, comparison of different T. brucei isolates reveals
considerable genetic variability in the form of chromosomal size
variation (Gottesdiener et al. 1990; Gibson and Garside 1991;
Turner et al. 1997; Melville et al. 1998, 1999, 2000). Chromo-
some size polymorphism is not unique to African trypanosomes:
It has been observed in Plasmodium and Leishmania, where size
variation of 10%-25% has been reported (Janse 1993; Wincker et
al. 1996), and in T. cruzi, where twofold variation has been ob-
served (Henriksson et al. 19995). In the diploid kinetoplastid para-
sites, variation is also observed between homologs within a single
parasite (references as above). But the range of size variation we
observe in African trypanosomes far exceeds anything reported
in other organisms to date. Apparently homologous chromo-
somes (i.e., containing the same coding sequences and, where
investigated, in the same order) vary up to fourfold in size be-
tween isolates (Melville et al. 1998, 2000; V. Leech and S. Mel-
ville, unpubl.), and we have observed variation of up to twofold
between diploid homologs within a parasite (Melville et al.
2000). Yet, mapping projects have failed to identify major DNA
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translocations or loss of synteny (Melville et al. 1998, 1999,
2000), and only one instance is reported in the literature (Gibson
and Garside 1991).

The sequenced T. brucei isolate originated from a tsetse fly in
Kenya, and the cloned laboratory stock derived from this (Tb927)
is fully competent in differentiation and genetic exchange (Hope
et al. 1999; van Deursen et al. 2001). There is no reason to sup-
pose that essential genes may be missing. However, this genome
may not be fully representative of genetic variation in the field as
it contains chromosomes that are mostly smaller in size than
their homologs in other isolates studied in our laboratory (Mel-
ville et al. 1998, 2000; V. Leech and S. Melville, unpubl.). In all
pairwise comparisons of karyotypes, Tb927 contains the least
megabase chromosomal DNA, and only three cases of smaller
homologs in other independent field isolates have been identi-
fied: chrVa in Tb386 (Fig. 2 in Melville et al. 1998) and chrslla and
IXa in Tb427 (Table 1 in Melville et al. 2000). To understand the
significance of this chromosome size polymorphism, and to
place the T. brucei genome sequence into the context of field
variation, it is necessary to know which chromosomal regions
and which genes are affected by these polymorphisms.

To analyze chromosome size polymorphism within T. brucei
strains and subspecies we chose to compare homologs of chro-
mosome I (chrl), which are among the most size-variant, using
resources available from the sequencing project. The smaller ho-
molog (chrla) of Tb927 was sequenced by chromosome shotgun
(Hall et al. 2003), involving end-sequencing of cloned 1- to 2-kb
sheared DNA fragments of gel-eluted Tb927-chrla DNA, and is
one of only two chromosomes sequenced from telomere to telo-
mere (Berriman et al. 2005). We selected 1055 sequenced clones
to create a minimally overlapping tiling path microarray of chrla.
We then co-hybridized fluorescently labeled genomic DNA from
stock 927 with differentially labeled DNA from other cloned
stocks, to identify Tb927-chrla sequences that are present in
higher copy number in the genomes containing larger chrl ho-
mologs. This technique allows us, for the first time, to detect
DNA content variation continuously along the whole length of a
T. brucei chromosome in different cloned isolates with a resolu-
tion high enough to accurately determine which genes or regions
are involved in these polymorphisms. Results show that regions
of chrl containing tandemly repeated genes are very polymorphic
in size. However, the most significant copy number polymor-
phism is observed in the 200-kb subtelomeric region on the left
end of the chromosome containing gene families and retrotrans-
posons. Nevertheless, the observed variation does not explain
the final length of chrl homologs in some isolates. Additional
sequencing reveals that ~55% of a greater than threefold larger
chrl homolog consists of arrays of VSG genes, typically located in
subtelomeric regions. Additional sequencing of clones derived
from two other size-variable chromosomes also revealed no evi-
dence of DNA translocation from elsewhere in the genome and
provided indirect evidence of VSG array expansion. Nevertheless,
further experimentation is required to determine whether ampli-
fication of subtelomeric families is the primary basis of all chro-
mosomal size variation in the T. brucei genome.

Results

Comparison between strains

We have analyzed variation in DNA content in different African
trypanosome strains and subspecies (Tb247, Tb427, and Tbg-M;

we will refer to these genomes as “test genomes”) compared with
the sequenced strain Tb927 (“reference genome”) using a Th927-
chrla genomic microarray. A total of 1055 PCR products ampli-
fied from a Tb927-chrla plasmid library were spotted onto the
slides. The tiling path microarray generated covers most of the
1.1 Mb length of Tb927-chrla (see Methods).

Figure 1 shows the log, ratio (test genome/reference ge-
nome) of the intensity of hybridization to each spot on the array
presented in the linear context of Tb927-chrla. The top panel
shows co-hybridization of Th927 DNA populations labeled sepa-
rately with Cy-3 and Cy-5, to determine the level of noise in the
experiment. Red and green lines represent 2 X standard deviation
(SD) from the zero line in this control experiment, and these
lines have been transposed to panels B-D. Panels B, C, and D
show the results of hybridization of total DNA from Tb247,
Tb427, and Tbg-M, respectively, onto the Tb927-chrla array
(Tb247 chrl sizes: 1.3 and 1.5 Mb; Tb427: 1.85 and 3.6 Mb;
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Figure 1. Copy number polymorphism in chromosome | homologs of
T. brucei, assayed by comparative genomic hybridization to a microarray
of T. brucei 927 chrla DNA fragments. (A) Co-hybridization of Tb927
genomic DNA differentially labeled with Cy5 and Cy3. (B) Co-
hybridization of differentially labeled Tb247 and Tb927 genomic DNA;
(C) Tb427 and Tb927; (D) T.b. gambiense-M (Tbg-M) and Tb927. (Green
and red lines) Two SD from the zero line in experiment A. Location of a
fragment above the green line indicates copy number amplification in the
test genome relative to Tb927; below the red line indicates DNA loss or
sequence divergence in the test genome. (Vertical discontinuous lines)
Subtelomere limits. Left subtelomere contains primarily retrotransposons
(ingi) and gene families RHS and LRRP. Right subtelomere contains pri-
marily genes involved in antigenic variation (VSGs) and associated genes
(ESAGs). (VSG-ES) A VSG expression site; (FBP) a gene containing an F-box
motif. (Green arrows) Gains of DNA; (red arrows) losses of DNA. Tan-
demly repeated gene coordinates: Tubulin array Tb927.1.2330-2410;
Histone H3 array Tb927.1.2430-2550; Pteridine transporter array
Tb927.1.2820, 2850, 2880; FBP array Tb927.1.4540-4650.
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ure 1 shows that DNA spots in the micro-
array representing this region exhibit a
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ranging between 0.4 and 1 within and
between subtelomeres. Overall, these
data suggest that the sequences found in
this chromosomal region are amplified
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Th247 Tha21 ThoM Th247 Thd27 Thg-M Th247 Th427 Thg-M Th247 Th427 ThgM

Th247 Thd2l Thg-M

in the test genomes by about 1.5- to two-
fold compared with the reference ge-
nome.

The ~70 kb subtelomeric region at
the right end of Tb927-chrl contains VSG
genes and VSG expression site-associated
genes (ESAGs 1, 2, 9, and 11) with one

BMicroarray
oSouthern blot

Tb927.1.1740 Tubulin array

Figure 2. Validation of data derived from hybridization to the Tb927-chrla tiling path genomic
microarray. (A) Hybridization of five gene-specific probes to Southern-blotted genomic fragments
containing intact tandem arrays. Numbers at the bottom of each lane indicate (in kb) total DNA
content of each array in each genome, estimated from these gels. Two bands in the same lane indicate
that the array varies in length in the chrl homologs. The 10-kb band in panel 4 probably is due to
cross-hybridization with a similar sequence in a different chromosome, and therefore has not been
included in the final length for the chrl region containing pteridine transporter genes. DNA size markers
are in kb. (B) Comparison between microarray results and Southern blot results. y-axis represents the
amount of DNA compared with Tb927. Value of 1X in the y-axis indicates equal DNA content

compared with Tb927.

Tbg-M: 1.65 and 1.75 Mb). In all cases we co-hybridized total
DNA from Tb927 as the reference DNA (Tb927 chrl sizes: 1.1 and
1.2 Mb).

Around 90% of spots consisting of DNA derived from the
chrl diploid core show a log, ratio within two SD of controls,
suggesting little copy number variation in the central core of
these homologous chromosomes. Significant variation in DNA
content in this region is mainly restricted to tandemly repeated
genes such as tubulin, histone H3, pteridine transporter, and an
array of genes containing an F-box motif (genes 4540-4650 in
chrl, here called FBP) (Fig. 1). Other significant variations ob-
served within the diploid chromosome region correspond to the
ORF Tb927.1.1740, which contains a 123-bp sequence repeated
169 times in Tb927, and the rDNA cluster. Although variation is
restricted to the same regions in all the strains, its extent varies
between them. For example, there is little variation in the his-
tone H3 array in Tb247, but a significant gain of DNA in that
region in Tb427 and Tbg-M. All gains of DNA observed in the
chromosome core fall between log, ratios of 0.4 and 1.5. Except
for the variation in DNA content corresponding to the pteridine

Histone H3 array  Peridine transporter
aay

FEP amay ingi (not indicated in Fig. 1). Array spots

on the microarray representing VSGs and
ESAGs show very high log, ratios in some
cases, such as Tb247 (up to 1.8), while in
others, such as Th427, we observe some
spots with negative log, ratios (up to
—3). In Tbg-M we observe no significant
variation. VSGs and some ESAGs may
vary greatly in DNA sequence both
within and between genomes. VSGs oc-
cur as gene families that may share very
little primary sequence conservation,
and different families may be found in different strains; there-
fore, a high level of variation in this region most likely reflects
this.

Validation of the Tb927-chrla genomic array

In order to verify the accuracy of these data, digested genomic
DNA containing intact arrays of the Tb.927.1.1740 ORF repeats,
and the tubulin, histone H3, pteridine transporter, and FBP genes
was Southern blotted and probed with clones derived from each
of these genes (Fig. 2A). Some of the strains present two different
bands for an array, indicating they have different lengths in each
homologous chromosome (chrla and chrlb). Where one band is
visible, homologs carry arrays of the same length. However, in
the case of the pteridine transporter gene array (panel 4 in Fig.
2A), a third band of 10 kb appears in Tb927, presumably due to
hybridization of a putative pteridine transporter gene located in
chromosome X. We also observe this band in Tb247 and Tb427
where the pteridine transporter array in chrl appears to be absent,
indicating that the signal picked up from the spots representing
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the pteridine transporter in the microarray experiments must be
due to hybridization of the DNA corresponding to this third
band. At the bottom of each lane we show the estimated total
DNA content (in kb) for each array in the entire genome (i.e.,
including copies from both homologs). Differences in tandem
repeat array lengths between isolates observed in these Southern
blots are unlikely to be due to restriction site polymorphism,
since most have been verified using combinations of different
restriction enzymes and also an enzyme cutting once inside the
repeat unit to check that expansion is not due to unique se-
quence insertions (Hall et al. 2003).

We illustrate the comparison between these values and the
microarray results in Figure 2B. The y-axis represents the amount
of DNA compared with Tb927 (i.e., 1X indicates an equal
amount compared with Tb927). We found all estimations of
DNA content for tandemly repeated sequences consistently simi-
lar in both microarray and Southern blot experiments, confirm-
ing the high accuracy of the microarray experiment.

Search for novel sequences in Tb427-chrlb

To investigate whether Tb427-chrlb (3.6 Mb) contains sequences
absent in Tb927-chrla (1.1 Mb), we created a Tb427-chrlb-
enriched plasmid library using DNA excised from a pulsed field
gel (PFG) and amplified by DOP-PCR (Telenius et al. 1992), and
produced an array of 3072 clones. We hybridized four replicates
of this array separately with Tb927 and Tb427 genomic DNA and
with gel-eluted Tb927-chrla and Tb427-chrIlb DNA (comparison
of chromosomal and genomic probes would reveal straightfor-
ward DNA translocation to Tb427-chrlb from elsewhere in the
genome, if that were the case). We selected and end-sequenced
192 non-redundant clones that hybridized to 427-chrIb but not
to 927 (Supplemental Table S1). Then we used the sequence tags
(EMBL Nucleotide Sequence Database, accession nos. AJ969959-
AJ970139) to search the T. brucei sequence databases, and almost
all identified matches in Tb927 (Fig. 3; Supplemental Table S2),
albeit at a lower level of similarity than would be detected by our
initial hybridization screen. Ten percent identified RHS and ret-
rotransposons, but most (>70%) showed the greatest similarity
with VSG gene sequences, or sequences known to be associated
with silent VSG arrays in Tb927, such as ESAGs, UDP-dependent
glycosyl transferase genes, or intergenic sequences in VSG arrays
(Berriman et al. 2005). The remaining 20% correspond to genes
and intergenic regions from other chromosomes (those adjacent
to Tb427-chrlb in the PFG), failed sequences, genes from the chrla
diploid core, and sequences with no significant matches in the
databases.

To determine whether these sequences or very similar se-
quences (sufficient for cross-hybridization) are present in the
Tb927 genome, and to investigate whether they are found on
both Tb427-chrl homologs, we hybridized 12 of the sequenced
fragments to dot blots of genomic DNA from Tb927 and Tb427
and to chromosome blots from Tb427. Figure 4A shows that all
hybridize to Tb427 DNA, and most either do not hybridize to
Tb927 or the hybridization is much weaker. Figure 4B shows that
all sequences hybridize to chrlb. Of the 12 probes, nine identified
VSGs in the databases, one identified an intergenic sequence
from a Tb927 VSG array, one identified an ESAG, and one showed
no significant match (see Supplemental Table S2). Two of the
VSGs and the ESAG probe hybridize to both chrl homologs, but
the remaining clones do not hybridize to the smaller chrla. The
observed hybridization to other chromosome bands, including

2.0% (1) 1.09 o
2.0% (5 U _‘1-"3/a(J) 1.0% (K)

4.0% (G)
5.0% (F)

—0.5% (L)

6.4% (E;
e 41.6% (A)

9.9% (D) |

11.9% (C)

14.9% (B)

Figure 3. Identity of highest-scoring pairs for 192 sequence tags from
clones selected from the Tb427-chrb-enriched plasmid library, derived
by BLASTN comparison of sequence tags with Tb927 sequence in
GeneDB and trypanosome sequence in the EMBL database. (4) VSGs, (B)
VSG expression site-associated genes, (88% of these sequences are vari-
ants of ESAG3, most copies of which are associated with non-expressed
VSG gene arrays in the Th927 genome sequence [Berriman et al. 2005]).
(C) intergenic sequences in VSG arrays in Tb927, (D) RHS genes and
retrotransposons, (£) genes from other chromosomes, () UDP-
dependent glycosyl transferase, (G) failed sequences, (H) chrl genes
(chromosome core), (/) intergenic sequences (chromosome core), (/)
telomeric and telomere-associated sequences, (K) no significant match,
(L) UDP-gal-phosphoglycan transferase. (The genes in F and L are asso-
ciated with VSG gene arrays in Tb927 [Berriman et al. 2005]. See Supple-
mental Table S2 for additional details.)

the large amount of DNA remaining in the compression zone,
presumably indicates cross-hybridization to other members of
the gene family. We also hybridized these clones to a gel in
which Tb427-chrla was resolved (Melville et al. 2000) to confirm
that only three hybridized to chrla (data not shown). All of them
hybridized to several different additional chromosomes in this
lower size range, although not necessarily to both homologs.

A el 1 2 3 4 5 6 7 8 9 10 1 12
Toa27| @[ * | * | e[| «|@| 5[5 [5(8 (@
— -
Tho27j @ | * . ™
chrt 1 2 3 4 5 6 7 8 9 10 11 12
well- - e o oaem o ™ - m
CZ-o am = mmmaF -

- -’ .E .' .' .. .' .l .' .. .-.:.:
. |

*‘ * - *. 1 |

Figure 4. Hybridization of 12 Tb427-chrib-derived probes to dot-blots
of Tb927 and Tb427 total DNA (A) and Southern blots of Tb427 chro-
mosomes (B). In dot-blot experiments most probes hybridize only to
Tb427, although in some cases the lower stringency of this experiment
(compared with the initial screening) allows cross-hybridization to similar
VSG families in Tb927. (Black dots) Hybridization to chrlb (fully resolved
in this gel), (black stars) hybridization to the chia homolog (here com-
pressed with other chromosomes), (Chrl) chri-specific gene probe, (CZ)
compression zone containing chrs VllIb, IXb, Xab, and Xlab (~40% of
megabase genome). See Supplemental Table S2 for additional informa-
tion on each of the probes.
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Selecting homolog-specific sequences from other size-variable
chromosomes

In order to determine whether the amplification of subtelomeric
sequences, especially of VSG gene families, also underlies the
increased size of other chromosomes, we prepared additional
chromosome-enriched clone libraries. The number of chromo-
somes for which we can perform this experiment is somewhat
restricted, since in all strains many chromosomes co-migrate
with others in PFGs. In Tb927, the sequenced reference genome,
only chrsl, 11, and IX homologs can be resolved sufficiently for
excision. Chrll varies little in size between strains, but chrIX is
very variable, and we decided to compare Tb927-chrIXa (3.4 Mb)
and Tb427-chrIXb (4.5 Mb). In addition, we identified a well re-
solved homolog of chrVI in an F1 hybrid clone (mcl4) from a
cross between Tb927 and Tb247. The smaller mcl4-chrVIa homo-
log (1.75 Mb) derives from Tb927, and we compared this with
Tb427-chrVla (2.8 Mb), as the larger Tb427 homolog of 3.4 Mb
cannot be resolved. Although we anticipated that the large VSG
arrays on these chromosomes in Tb927 (Berriman et al. 2005)
would reduce our ability to select chromosome-specific VSGs,
due to cross-hybridization between Tb927 and Tb427 families,
we reasoned that this experiment should allow us to detect al-
ternative bases for chromosome expansion, such as translocation
of DNA from the diploid core of other chromosomes.

We created and arrayed Tb427-chrVla- and Tb427-chrIXb-
enriched plasmid libraries and selected Tb427 homolog-specific
clones by hybridizing DNA derived from the Tb427 homologs
and from the Tb927 homologs, exactly as described in the pre-
vious section for chrl. In the chrIX experiment we were able
to identify only 19 Tb427-specific clones (accession nos.
AM263038-AM263056), of which nine identified subtelomeric
sequences in the Tb927 database. This raised our fears that the
large number of VSGs in both subtelomeres of the Tb927 chro-
mosome prevented selection of Tb427-specific VSGs by cross-
hybridization between family members.

When we performed the comparative hybridization experi-
ment using the Tb427-chrVI array, we identified 64 that did not
hybridize to mcl4-chrVia and derived sequence tags from each of
these (Fig. 5A; see Supplemental Table S3 for accession nos.). We
observed 22% VSG and ESAG sequences and no RHS, but an as-

1.6% (H) B
3.1% (G) 3.1% (J)
1.6% (F) 6.3% (H)
17.2% (A)
3.1% (E)

4.7% (B) 21.9% (G)

3.1% (E) @

65.6% (C)

Figure 5. Identity of highest-scoring pairs for sequence tags from 64 Tb427-chrVla-specific (panel A)
and 32 randomly selected clones from the Tb427-chrVla-enriched plasmid library (panel B), derived by
BLASTN comparison of sequence tags with Th927 sequence in GeneDB and trypanosome sequence in
the EMBL database. (A) VSGs, (B) VSG expression site-associated genes, (C) intergenic sequences in
VSG arrays in Tb927, (D) RHS genes and retrotransposons, (E) genes from other chromosomes, (F)
UDP-dependent glycosyl transferase, (G) chrVl genes (chromosome core), (H) intergenic sequences
(chromosome core), (I) telomeric and telomere-associated sequences, (J) no significant match. See

Supplemental Tables S3 and S4 for additional details.

3.1% (I)

31.3% (D)

tonishing 66% of clones that identified intergenic sequences
from Tb927 VSG arrays as their highest-scoring pair in BLASTN
analyses (see Supplemental Table S3 for more details). This result
was so striking that we decided to check the clone content of the
arrayed library by sequencing a set of randomly selected clones.
Comparison of Figure 5, A and B, shows that the comparative
hybridization of chrVI homologs had indeed primarily selected
putative intergenic sequence from VSG arrays, but relatively few
Tb427-chrVI-specific VSGs.

Discussion

The sequencing of the Tb927 genome has provided an invaluable
amount of information about genomic structure and organiza-
tion, the size of the VSG repertoire, and metabolic pathways (Ber-
riman et al. 2005). It also has made possible the development of
new molecular tools such as the high-resolution Tb927-chrla ge-
nomic microarray we have used in this study to determine the
underlying basis of DNA content variation in different isolates of
T. brucei.

Chrla has a total length of 1.1 Mb in Tb927 (Hall et al. 2003),
while in Tb247, Tb427, and Tbg-M all the chrl homologs are
larger (the largest homologs are 1.5, 3.6, and 1.75 Mb, respec-
tively) (Melville et al. 1998; 2000; V. Leech and S. Melville, un-
publ.). Our data show that variation in DNA content in chrl ho-
mologs compared with Tb927-chrla is significantly concentrated
in specific regions: the so-called subtelomeres, which contain
large and diverse aneuploid gene families (Melville et al. 1999;
Berriman et al. 2005), and tandemly repeated sequences within
the diploid chromosome core (see Fig. 1).

All arrays of tandemly repeated sequences in chrl show varia-
tion in size. In most cases, tandemly repeated genes located in
the chromosomal core consist of almost perfect repeats (e.g., a-
and B-tubulin and histone H3 arrays). The almost complete ab-
sence of base substitution suggests that the process of amplifica-
tion and deletion of these arrays is an ongoing process involving
gene conversion (Hall et al. 2003). Since transcription is polycis-
tronic and there is a general lack of transcriptional control, it has
been speculated that expansion of gene families by tandem du-
plications may be a mechanism to increase expression levels of
specific genes, thereby increasing the
level of protein in the cell (Ivens et al.
2005). We found a wide range of array
lengths in the test genomes compared
with the reference genome. In the case
of the FBP array there are six copies of
the same gene in Tb927; the first five
copies are identical, but the last ORF and
its 3" UTR are divergent (a similar case is
reported in T. cruzi; Tomas and Kelly
1996). The function of this gene family
is unclear, but this array is duplicated in
Tbg-M and expanded 1.5 times in
Tb427. However, in the three test ge-
nomes the last ORF is missing or very
divergent, indicating it is more variable
between isolates than the rest of the
family. Variation in the size of gene ar-
rays might be a response to different re-
quirements for protein expression in a
particular strain or environment, al-

12.5% (A)

3.1% (B)

18.8% (C)
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though we are not able at present to offer any hypothesis as to
why these genes are of particular importance.

In the left subtelomeric region of chrl, most of the genes
belong to the novel multigene family called RHS (Bringaud et al.
2002). Little is known about RHS proteins except that they are
constitutively expressed and localize in or around the nucleus.
Our microarray results suggest that there are about twofold more
copies in the genome of each of the three isolates studied com-
pared with Tb927. Other elements in this region such as retro-
transposons and LRRP genes are amplified in a similar proportion
to RHS genes in all three cases. Since related members of all these
sequence families are present in other chromosomes, we cannot
accurately determine the extent of amplification on chrl ho-
mologs; we are able only to estimate the maximum amount that
this is likely to contribute. In some of the isolates, this may rep-
resent an additional 200 kb of subtelomeric sequence.

The right subtelomere of chrla in Tb927 contains mainly
VSG and ESAG genes with one ingi element. In the megabase
chromosomes of Tb927, the VSG arrays are always located in the
subtelomeric regions, and some previously reported observations
have suggested that VSGs may be present as haploid copies (van
der Ploeg et al. 1982; Beals and Boothroyd 1992; Melville et al.
2000; Berriman et al. 2005). In the microarray experiments, we
detected significant gains of DNA in this region in Tb247 but
insufficient variation in copy number in Tb427 and Tbg-M to
make a significant contribution to their larger chrl homologs. In
some cases, such as Tb427, we observed losses of DNA, indicating
sequence divergence or sequence absence. In total, the maximum
increase in length that could be due to amplification of the se-
quences found in this Tb927 subtelomere, according to our mi-
croarray data, is ~55 kb in Tb247, just 7 kb in Tb427, and almost
nothing in Tbg-M.

These microarray analyses suggested that copy number
variation of perfect tandem repeats and of subtelomeric gene
families are important sources of chromosome size polymor-
phism, but their contribution to the final length of much larger
chrl homologs appeared relatively small. In Figure 6A we com-
pare the maximum estimated length for the largest chrl ho-
mologs based on the array data, (i.e., the longest of each tandem
array, the maximum amplification of the left subtelomere) to
that observed in PFGs, highlighting only those regions that could
significantly contribute to size variation in this chromosome.
Only the left subtelomeric region and, in the case of Tb247, the
right subtelomeric region seem to increase appreciably the length
of these chrl homologs. Overall, these data can only explain
~56%, 9%, and 27% of the “extra DNA” observed by PFG in the
largest Tb247, Tb427, and Tbg-M chrl homologs, respectively.

Therefore, in Tb427-chrIb there remained 2.2 Mb of DNA
consisting of sequence undetected by the microarray experi-
ments. Yet, mapping projects failed to detect any translocations
from other chromosomes (Melville et al. 2000). We hypothesized
that gene families present in subtelomeric regions such as VSG
and RHS, which are known to be highly divergent, may be un-
derestimated in the microarray experiments, and that the expla-
nation for the larger chrl homologs in some T. brucei strains may
lie in the presence of additional divergent members of these gene
families. However, it was also possible that novel sequences were
present on Tb427-chrlb that were absent from Tb927-chrla. If
such sequences were in the subtelomeres, they may not be de-
tected in comparative mapping projects.

We identified 192 clones carrying Tb427-chrlb-specific se-
quences from a Tb427-chrlb-enriched array (i.e., clones not de-
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Figure 6. Models of chromosome expansion based on the comparative
microarray analyses and sequencing of chromosome-specific DNA clones
presented here. Note that we make the assumption that all gene families
are positioned at the same location in both Tb927-chrla and Tb427-chrib,
and therefore that arrays expand/contract in situ. (A) Comparison of chr
size as estimated by PFGE analysis of different isolates of T. brucei (gray
bars) with the theoretical maximum length estimated from the microar-
ray and Southern blot analyses comparing the test chromosomes with
Tb927-chrla. Colored regions correspond to tandemly repeated genes
and gene families that show a significant degree of polymorphism com-
pared with Tb927. (B) Our proposed model of Tb427-chrib organization.
The central core is highly conserved compared with the sequenced
Tb927-chrla; sequences in the left subtelomeric region are amplified
about twofold, but there is no VSG-ES. Results presented here indicate
that the remainder of the additional DNA in Tb427-chrlb consists prima-
rily of VSG arrays and associated sequences. We propose that this forms
a hemizygous “subtelomeric” region of ~2 Mb, and that this is probably
on the right end of the chromosome.

tected by hybridization of Tb927 DNA). End-sequencing of these
clones shows that ~74% of these sequences share the greatest
similarity with VSG genes or sequences known to be associated
with VSG arrays in Th927, and 10% show the greatest similarity
with RHS genes. Therefore, 84% of these Tb427-chrlb-specific se-
quences most likely derive from subtelomeric locations (Fig. 3).
The remaining 16% are contaminating sequences from the chro-
mosome core or other chromosomes, and failed sequences. These
results strongly indicate that the 2.2 Mb of Tb427-chrIb-specific
DNA apparently absent in Tb927-chrla consists mostly of subtelo-
meric sequences (~1.85 Mb), and in particular VSG arrays (~1.63
Mb). This estimation, added to the expansions detected by the
microarray experiments and accounting for failed and contami-
nating sequences, suggests that subtelomeric sequences present
in Tb427-chrlb may represent three-quarters of the chromosome
and that VSG arrays may account for >50% of its length. Based on
VSG gene density in Tb927, this could amount to an additional
400 VSGs in Tb427-chrlb.

We also performed further rounds of selection and sequenc-
ing of homolog-specific clones to investigate whether the expan-
sion of subtelomeric gene families, in particular the massive ex-
pansion of VSG arrays, is the primary basis for variation in other
size-polymorphic T. brucei chromosomes. However, we suspected
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that the absence of an extensive VSG array on Tb927-chrl had
enabled us to obtain such unequivocal data on the content of the
additional DNA in Tb427-chrlb. In contrast, we feared that the
large arrays located in the subtelomeric regions of all the other
Tb927 chromosomes (and therefore most probably other strains
also) would contain members of VSG gene families also present
in the larger homologs in other strains. In these cases, cross-
hybridization between multiple VSGs would obscure any array
expansion on the larger homologs. Indeed, the Tb927 arrays on
many chromosomes may be larger than shown in the published
sequence, as most subtelomeres are incomplete (Berriman et al.
20095). To test our hypothesis, we created clone libraries from
Tb427 homologs of chromosomes VI and IX. Although Tb427-
chrIX is 33% larger than Tb927-chrIX, we identified very few ho-
molog-specific clones in the chrIX library, strongly suggesting
that the increased size is due to amplification or translocation of
common sequences, not translocation of unique DNA, and that
cross-hybridization prevents identification of the additional
DNA. We identified more 427-specific clones in the chrVI library
and found that most identified intergenic sequences from VSG
arrays in the Tb927 database, although we identified few addi-
tional homolog-specific VSGs. We propose the most likely reason
is that the Tb427-specific VSGs are cross-hybridizing within the
large Tb927 VSG arrays, but the lesser conservation of some in-
tergenic sequence has led to the selection of Tb427-specific
clones of these regions. We did not identify homolog-specific
RHS genes in either case, suggesting that there are no additional
RHS or there is a high level of cross-hybridization between family
members.

None of these experiments identified any interchromo-
somal translocation of unique coding DNA, and the chromo-
some VI comparison strongly, albeit indirectly, suggests that the
larger homolog contains an expanded VSG array. However, it is
clear that these are not the most efficient techniques for more
extensive study of subtelomere expansion in other T. brucei chro-
mosomes. Given the apparent ease of identification of sequences
from Tb427 subtelomeric gene families by comparison with the
Tb927 database (we identified few sequences with no significant
similarity at all to Tb927 sequence), the most rapid and cost-
efficient method to compare the relative content of genomes of
different size will probably be comparative shotgun sequencing.
In this regard, the ongoing analysis of the genome of an iso-
late of T.b.gambiense (http://www.sanger.ac.uk/Projects/
T_b_gambiense) may provide our first overall view of expansion
of subtelomeric gene families within the genome, although this
will not provide specific data on expansion of individual chro-
mosomes.

We have not determined the structure of Tb427-chrlb, but
we propose that this chromosome probably carries a much larger
VSG array on the right-hand end (model shown in Fig. 6B) for
several reasons. Firstly, the Tb927-chrla has a short array close to
this telomere, and this region is extended in Tb247-chrlb (Mel-
ville et al. 1999). Also, we note that chrIX is the only Tb927
chromosome to have large VSG arrays at both ends (Berriman et
al. 20095), and this is the only chromosome on which we have not
yet detected a VSG-ES in any stock (Melville et al. 1998, 2000),
suggesting ES and array ends may be exclusive. However, it is
possible that VSG arrays may be found at both telomeres on
Tb427-chrlb. The schematic in Figure 6B illustrates our model,
showing a striking modular organization for these chromosomes:
a diploid “central core” (Melville et al. 1998, 2000; MacLeod et al.
2005) consisting of just 750-850 kb of relatively gene-dense

DNA, while the remainder, almost 3 Mb in the case of the larger
chrl homolog, consists of highly polymorphic gene families in
largely aneuploid segments of the chromosome.

All 12 Tb427-chrlb-specific clones that we probed onto
Tb427 chromosomes in Southern blots hybridized to chrlb, but
only three (two VSGs and one ESAG) hybridized to chrla. All
hybridized to other chromosomes also, although not necessarily
both homologs. Little is known about the generation of diversity
in VSG families, but recombination between subtelomeres may
facilitate transfer of VSG family members to diverse non-
homologous chromosomes, where they continue to amplify and
diverge in sequence, as reported in Plasmodium parasites (Freitas-
Junior et al. 2000). Other data indicate the occurrence of ectopic
recombination in subtelomeric regions of T. brucei: For example,
VSG-expression sites are found on different chromosome ends in
different isolates (Melville et al. 1998).

Most eukaryotic organisms have subtelomeric regions, form-
ing the transition between chromosome-specific sequence and
telomere repeats (Mefford and Trask 2002; Barry et al. 2003). In
lower eukaryotes, their plasticity is thought to help organisms to
adapt to new environmental conditions, especially in pathogenic
organisms (Freitas-Junior et al. 2000; Barry et al. 2003; Fabre et al.
2005). The parasite sequencing projects have revealed a common
chromosome organization where genes that are conserved and
syntenic in related species are concentrated in the gene-dense
chromosome core, while species-specific gene families that di-
verge more rapidly within populations are located at the ends of
chromosomes (El-Sayed et al. 2005; Hall et al. 2005; Pain et al.
2005). However, our results indicate that African trypanosomes
can utilize subtelomeres for amplification and divergence of gene
families to such a remarkable extent that they may constitute
most of a chromosome. If subtelomeric expansion underlies size
variation in all chromosomes, then the sequenced Tb927 chro-
mosomes may have shorter subtelomeric regions than most ho-
mologs in other isolates. Tb427 is a laboratory-maintained stock,
but in terms of DNA content and chromosome size it is more
representative of the range of isolates that we have karyotyped.
We observe chrl homologs of between 2 and =3.6 Mb in other E.
African T. brucei isolates and in T. congolense, the largest to date in
a pleomorphic line of T. b. rhodesiense EATRO 2340 (provided by
J.D. Barry, Univ. of Glasgow) (V. Leech and S. Melville, unpubl.).
DNA content of T. brucei isolates may vary by up to 30% (Melville
et al. 1998; Hope et al. 1999). Tb427 megabase chromosomes
contain ~16 Mb extra DNA compared with Tb927 (Melville et al.
2000), and, if our observations on chrl prove to be applicable to
many or all other chromosomes, a large proportion of this could
consist of VSG arrays. No other parasite that undergoes antigenic
variation has been reported to devote so much of its genome
content to antigen genes (Barry et al. 2003; Craig and Scherf
2003; Hall et al. 2003, 2005). The genome sequencing program
revealed that most of the VSGs on the Th927 megabase chromo-
somes are pseudogenes (Berriman et al. 2005). It is possible that
these represent VSG graveyards, i.e., VSG copies left behind after
recombination events during antigen-switching and undergoing
sequence decay (more VSGs are located at telomeres of ~100
mini-chromosomes). If that is the case, then most trypanosomes
are replicating very large amounts of useless (junk) DNA during
each cell cycle. Alternatively, if the large arrays of pseudogenes
and gene fragments are in fact used to create novel VSG genes by
recombination before or during transposition to an expression
site, as occasionally reported (Roth et al. 1989), the potential size
of the VSG repertoire in these huge “subtelomeres” suggests an
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unrivaled capacity for new antigenic types in African trypano-
some populations.

In this paper we have presented data to show that in T.
brucei the so-called “subtelomeric regions” may account for three-
quarters of the length of a chromosome.

Methods

Parasite strains, axenic culture, and DNA extraction

The origins and histories of the cloned T. brucei stocks TREU
(Trypanosomiasis Research, Edinburgh University) 927/4 (GPAL/
KE/70/EATRO 1534) single VAT derivate GUTat10.1 (Tb927),
STIB (Swiss Tropical Institute, Basel) 247L (WA/TZ/71/STIB 247)
(Tb247), Tb427, and T. brucei gambiense Mamaissata (Tbg-M)
have been described (Turner et al. 1990; Biteau et al. 2000; Mel-
ville et al. 2000; van Deursen et al. 2001). They were prepared
from isolates collected in Kenya (Tb927), Tanzania (Tb247), and
Guinea (T.b.gambiense Mamaissata); the collection location of
Tb427 is unknown, but SNP typing suggests it may belong to
the Serengeti tsetse belt (E. Bart-Delabesse and S. Melville, un-
publ.). F532/72-mcl4 (mcl4) is an F1 progeny clone from a cross
between TREU927/4 and STIB 247 (Turner et al. 1990; Melville et
al. 1998). Genomic DNA was isolated as described in Melville et
al. (1996).

Selection of a chromosome la (chrla) tiling clone set

A plasmid library containing Tb927-chrla DNA inserts was pre-
pared at the Sanger Institute and end-sequenced during the
chrl sequencing project (Hall et al. 2003). Using the Genome
Assembly Program GAP4 Viewer (Bonfield et al. 1995), we se-
lected 1055 overlapping clones to create a tiling array encom-
passing the entire length of the sequenced Tb927-chrla, except
the telomeric VSG expression site at the left end (~40 kb includ-
ing the 50-bp repeats). Inserts from the selected clones were
amplified by PCR in a standard PCR reaction. Products ranged
from 1 to 2.5 kb and were purified using MultiScreen-FB plates
(Millipore).

Construction of a Tb927-chrla tiling array on glass slides

Samples containing a final DNA concentration of PCR product in
spotting buffer (150 mM sodium phosphate; 0.01% SDS) of ~200
ng/pL were spotted in triplicate onto GAPS II Coated Slides
(Corning). Total DNA from T. brucei 927 (100 ng/uL) was spotted
as positive control, and Escherichia coli and X phage DNA (100
ng/pL), pUC18 (100 ng/uL), pUC18 polylinker (100 ng/uL), spot-
ting buffer, and double-distilled H,O were spotted as negative
controls. Slides were baked for 2 h at 80°C, then exposed to UV
light (450 m)).

Preparation of fluorescently labeled DNA for hybridization

For each experiment, 300 ng of genomic DNA was labeled over-
night with either Cy3-dUTP or Cy5-dUTP (Amersham Biosci-
ence) by random priming using the Bioprime Labeling Kit (In-
vitrogen) following the manufacturer’s instructions, except that
dCTP, dGTP, and dATP were added to a final concentration of
200 pM each, dTTP to a final concentration of 50 uM, and Cy3-
dUTP or CyS-dUTP was added to a final concentration of 40 pM.
The DNA was purified using micro-spin G50 columns (Amer-
sham Bioscience). In each pairwise experiment, two hybridiza-
tions were performed with dye swap. Each pairwise experiment
was performed four times.

Hybridization of labeled DNA samples to Tb927-chrla DNA
on the array

Two samples of DNA, labeled with Cy-3 or Cy-5, were combined
and applied to each array slide. Hybridization was carried out for
12-16 h at 60°C. The glass slides were washed to a final strin-
gency of 0.01x SSC and dried.

Scanning and analysis

Slides were scanned on both Cy3 and CyS5 channels using a
GenePix Personal scanner 4100A (Axon Instruments), and the im-
age was analyzed using GenePix Pro 3.0 software. Spots with an
irregular shape or where <95% of pixels had an intensity higher
than two SD of the background in both channels were removed.
The ratio of one spot was calculated as the mean intensity of all
pixels in one channel divided by mean intensity of all pixels in
the other channel. Further analysis of data was performed in
Excel software (Microsoft). Ratios from reverse-labeled (dye-
swap) experiments were reciprocated. Normalization of results
from different slides was achieved by dividing the ratio of each
spot by the mean of ratios of all spots on each slide. Each pairwise
experiment was carried out in quadruplicate and each PCR prod-
uct was spotted in triplicate so a total of 12 ratios was expected
for each experiment. The final ratio for each spot with regard to
each sample was calculated as the mean of the 12 ratios. To avoid
error due to variation between slides, those spot readings with a
coefficient of variation (CV, CV = SD/mean of ratios) >0.2 were
removed. For the remaining spots, log, of final ratios were cal-
culated, and in Figure 1 these are displayed according to the
position of the DNA sequence in Tb927-chrla.

Microarray validation

Restriction enzyme sites flanking tandem arrays, but not within
the array units, were identified for digestion of genomic DNA:
EcoRI for the histone H3, FBP arrays and Tb.927.1.1740 intra-
ORF repeat, Xmnl for the tubulin array, and HindllII for the pteri-
dine transporter array. Fragments were separated by pulsed field
electrophoresis together with markers of known size, then South-
ern blotted and probed with a clone of the relevant repeat unit.
Southern blot and radioactive labeling of probes with 3*P were
carried out using standard methods (Sambrook and Russell
2001).

T. brucei 427 haploid chromosome library construction
and screening

Tb427-chrlb, Tb427-chrVla, and Tb427-chriXb were excised as
single haploid chromosomes from pulsed field gels (separations
as in Melville et al. 2000), and the chromosomal DNAs were each
amplified directly by DOP-PCR (Telenius et al. 1992) in four in-
dependent reactions using four different random primers: 5'CC
GACTCGAGNNNNNNATGTGG3', S'ACATCAGTGGGAC
NNNNNNGCA3', 5" AGTGACTGGTNNNNNNGGTAGT3’,
5'AAGTCGCGGCCGCNNNNNNATG3'. The reaction mixture
contained 1x PCR buffer, 2 mM MgCl,, 0.2 mM dNTPs, 0.2 uM
of primer, 2.5 units of AmpliTaq DNA Polymerase (Applied Bio-
systems), DNA template as 1 pL of agarose from the pulsed field
gel, and dH,O to 50 pL. The reaction conditions were: initial
denaturation for 5 min at 95°C, 5 cycles of denaturation for 1
min at 94°C, annealing for 1.5 min at 30°C, extension for 3 min
at 72°C, 34 cycles of denaturation (1 min at 94°C), annealing (1
min at 56°C), and extension (3 min +1 extra second per cycle at
72°C), and final extension (10 min at 72°C). PCR products,
mostly in the range 0.2-3 kb, were analyzed by standard electro-
phoresis in 1% agarose gels. PCR products from the four inde-
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pendent reactions were mixed and cloned into E. coli using the
TOPO TA cloning kit (Invitrogen). White colonies were spotted
onto Hybond-N* membranes (Amersham Bioscience) using a
PBA Flexys gridder to create a macroarray.

Library screening

Samples of Tb927-chrla, Tb427-chrlb, Tb427-chrVia, mcl4-chrVla,
Tb927-chrlXa, and Tb427-chrIXb were excised from PFGs (sepa-
rations as in Melville et al. 1998, 2000) and amplified as above,
then hybridized to two separate replicate arrays of the corre-
sponding chromosome-enriched library; samples of total ge-
nomic DNA (Tb427 and Tb927) amplified by DOP-PCR were hy-
bridized to two separate replicate arrays of the Tb427-chrlb li-
brary. DNA samples were labeled with 3?*P-dCTP using the Ready
To Go DNA Labeling Beads kit (Amersham Bioscience). Hybrid-
ization was carried out at 65°C using the Church and Gilbert
protocol (Church and Gilbert 1984).

Sequencing

Inserts of selected clones were amplified by PCR and visualized
on agarose gels in order to reduce redundancy by selecting clones
of different sizes for sequencing. In total, 382 non-redundant
clones were sequenced using an ABI Prism 3100 Genetic Ana-
lyzer. The DNA sequences obtained were compared using
BLASTN and TBLASTX to known T. brucei 927 DNA sequences in
GeneDB (www.genedb.org/genedb/tryp/) and all sequences in
the EMBL database (www.ebi.ac.uk/embl/). Highest scoring
BLASTN results were used to produce Supplemental Tables S2, S3,
and S4. In most cases where the highest scoring pair (HSP) is a
known VSG sequence, in fact multiple VSGs were detected at a
significant level of similarity in the databases. Searches of EMBL
data did not alter the HSP list derived from Tb927 databases.

Chromosomal location of probes

DNA from 12 sequenced clones was labeled using the AlkPhos
Direct Labeling and Detection System (Amersham Bioscience)
and hybridized to dot-blots (Fig. 4A) and to Southern blots (Fig.
4B). Low levels of hybridization to Tb927 in this experiment are
due to the lower stringency of the hybridization technique (pos-
sibly also to probe concentration), again indicating there are
similar VSG families in Tb927. Hybridization to Tb927 chromo-
somes reconfirmed that they did not hybridize to Tb927-chrla,
and weakly or not at all to other chromosome bands (data not
shown).
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