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ABSTRACT The expression of genes coding for variable
surface glycoproteins (VSGs) in Trypanosoma equiperdum is
linked to duplicative transpositions of silent, basic copy se-
quences into telomere-linked expression sites. Examination of
three independently derived late-appearing trypanosome
clones expressing VSG-78 revealed that the expressed gene in
all cases is composed of sequences derived from three or four
individual silent genes. The 182 base pairs at the 3' end of the
coding sequence are derived from one silent gene, the 3' donor.
The remaining 5' segment is a mosaic structure containing
variable-length segments derived from two, or perhaps three,
related silent genes. All ofthe silent genes that participate in the
construction of the VSG-78 expression-linked copy (ELC)
genes contain multiple stop codons and are unable to code for
VSGs. Individual silent pseudogenes complement one another
in the mosaic structure of the 5' portions of the ELC genes and
create functional VSG genes. The joining of the 3' and 5'
portions of the composite genes occurs in short regions of
homology and suggests a mechanism by which the ordered
expression of the VSG genes is generated.

3'-most 200-300 base pairs (bp) of the late-appearing ELCs
are donated by one silent-copy gene, the 3' donor, while the
remaining 5' portion is donated by an unrelated silent gene or
family of genes. We have cloned and sequenced all of the
component silent-copy genes used to make the VSG-78
family of ELC genes.¶ We report here that the 5' portions of
all the ELCs examined are mosaics of two or possibly three
silent-copy genes. Furthermore, three independently isolated
VSG-78 ELCs are all composed of different combinations of
the donor silent genes. None of the silent genes (either 5' or
3') has sufficient open reading frame to encode a VSG on its
own. We also demonstrate that there is an 85-bp region of
homology between the 5' and 3' donor genes and that it is
within this region that the recombination occurs to create the
active VSG gene. Thus, the complete VSG-78 ELCs are
constructed entirely from pseudogenes. These results indi-
cate that the parasites have a mechanism for the formation of
late-appearing VSG genes that generates temporary VSG
coding genes and that this mechanism leads to antigenic
diversification.

African trypanosomes are extracellular hemoflagellates
which are responsible for widespread disease in humans and
domestic animals. These parasites evade the host immune
system by periodically changing their variable surface gly-
coproteins (VSGs), which are thought to be the unique
parasite antigens presented to the host immune system.
While the mechanism of this antigenic variation is not yet
understood, it appears that activation of the VSG genes is a
complex process involving multiple steps. Silent VSG genes
are duplicatively transposed into one of several telomere-
linked expression sites where they can be transcribed as
expression-linked copies (ELCs) (reviewed in ref. 1). Since
transcription of the VSG genes can be regulated within
expression sites, their insertion into an expression site,
although necessary for transcription, is not sufficient (2-7).

It has been shown for Trypanosoma equiperdum and
Trypanosoma brucei that the variants appear at a predictable
time in a loosely defined order (8-10). Furthermore, transfer
of any T. equiperdum variant to a nonimmune host results in
the reappearance of the initial variant, variant antigen type
(VAT)-1.

In previous studies we have shown that VSGs appearing
early in a T. equiperdum infection are derived from complete
silent-copy genes (11). On the other hand, the late-appearing
VSGs appear to be coded for by composite genes that exist
in complete form only in expression sites (11, 12). The

MATERIALS AND METHODS
Trypanosomes. All of the trypanosome clones used in this

study were derived from Bordeaux trypanozoon antigen type
(BoTat)-1 (9). BoTat-78 and -78bi were isolated from inde-
pendent infections initiated with BoTat-1; BoTat-7820 and _178
were isolated from infections initiated with BoTat-20 and -78,
respectively. DNA and RNA were isolated from cloned
trypanosomes grown in rats (13).
Recombinant Clones. The cDNAs corresponding to VSG-

78 and -782° were prepared by the method of Gubler and
Hoffman (14). cDNA clones corresponding to VSG-78bi were
made in the same way. The 3' end of the VSG-78bi gene was
not cloned. The 725-bp Pst I-BamHI fragment of the VSG-78
cDNA was subcloned in plasmid pGEM2. This plasmid is
designated pTe78-100. The genomic clone corresponding to
the VSG-78 BC-B was described previously (12). The ge-
nomic clones corresponding to BC-A and -C were subclones
made from HindIII genomic fragments isolated from BoTat-
178, the immediate daughter variant of BoTat-78. The ge-
nomic clone corresponding to the BC-3' silent gene was
obtained as a Dra I fragment in pGEM2.

Abbreviations: VSG, variable surface glycoprotein; ELC, expres-
sion-linked copy; BC, basic copy.
§To whom reprint requests should be sent at the f address.
IThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M29497 for VSG-78, M29498 for
VSG-7820, M29499 for VSG-78bi, M29501 for BC-A, M29502 for
BC-B, M29503 for BC-C, and M29500 for BC-3').
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Southern Blot Analysis. Genomic DNA was digested with
the appropriate restriction enzymes, electrophoresed in 1%
agarose, blotted, hybridized with 32P-labeled probes, and
washed as previously described (13).
DNA Sequencing. DNA was sequenced by the dideoxynu-

cleotide chain-termination technique described by Sanger et
al. (15). Appropriate DNA fragments were cloned in com-
mercially obtained M13 vectors: mp8, -9, -10, and -11 (16).
Second-strand DNA synthesis was primed either with uni-
versal M13 primer or with specific 15-mer or 18-mer oligo-
nucleotides synthesized on an Applied Biosystems DNA
synthesizer. Both strands were sequenced.
Labeled Transcripts. 32P-labeled RNA transcripts corre-

sponding to the sense strand of the VSG-78 ELC were
prepared with T7 RNA polymerase from BamHI-digested
plasmid pTe78-100 according to the supplier (Stratagene).
Template DNA was removed with RNase-free DNase (80
units/ml).
RNase Protection. 32P-labeled RNA (500 pg) was hybridized

for 15 hr to various amounts of HindIII-digested, heat-dena-
tured, cloned or genomic DNA in 30 ,ul of hybridization buffer
[80% (vol/vol) formamide/40 mM Pipes, pH 6.4/0.4 M NaCl/
1 mM EDTA] at 450C. RNase digestion and preparation of
samples for electrophoresis were as described by Myers et al.
(17). Protected products were analyzed on 5% polyacrylamide
gels containing 8 M urea.

RESULTS
Restriction Site Polymorphisms in the VSG-78 Genes. We

have studied the genes that code for VSG-78, VSG-7821, and
VSG-78bi, three independently derived antigenic variants of
T. equiperdum that are recognized by the same polyclonal
and some monoclonal antibodies (ref. 12 and unpublished
results). Despite the similarity of the three proteins, there are
restriction enzyme site differences in their corresponding
genes (see Fig. 1). We have previously shown by Southern
blot analysis that there are two or three closely related silent
genes that could code for the N-terminal portion of the
VSG-78 antigens (11, 12). The simplest hypothesis is that the
VSG-78 ELC was constructed by duplication of one of the
silent genes, that the VSG-7820 ELC was generated by
duplication ofthe second, and the VSG-78bi was generated by
duplication of the third silent gene. However, comparison of
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the restriction maps of the three ELCs with those of the three
silent genes (see Fig. 1) reveals that none of the silent genes
contains all the restriction sites of any of the ELCs. ELC
specific restriction fragments could not be detected in the
genomic DNA of trypanosomes expressing VSGs other than
78 (data not shown). This suggests that the simple hypothesis
is wrong and that none of the silent genes alone codes for the
5' end of the ELCs.
To verify that the trypanosomes do not contain a single

silent copy corresponding to any of the three 78 ELCs, we
examined the genomes of BoTat-1 [from which BoTat-78 was
derived (9)], BoTat-78, and BoTat-178 (derived directly from
BoTat-78) for the presence of sequences completely homol-
ogous to the 5' portion of the 78 ELC. Uniformly 32P-labeled
RNA corresponding to the 725 bases 5' of the BamHI site in
the 78 ELC was prepared in vitro and hybridized to denatured
genomic DNA from variant 78, 1, or 178. RNase was added
under conditions for digestion of single-stranded RNA and
mismatched DNA-RNA complexes. Under these conditions,
approximately 50% of single base pair mismatches are
cleaved by the RNase (17). The undigested RNA was then
purified and examined on a polyacrylamide gel. Since there
do not appear to be introns in African trypanosomes, the
experiment would not detect the results of cis splicing. It can
be seen in Fig. 2b that only DNA from variant 78 contained
sequences completely homologous to the radioactive 78-
specific RNA. Thus, we conclude that the silent VSG gene
repertoire does not contain a complete colinear copy of the
5' portion of the 78 ELC.
The VSG-78, -7820, and -78bi ELCs Are Mosaic Genes. To

determine in more detail how the 78, 7820, and 78bi ELCs
originated, we sequenced cDNAs and compared the se-
quences to those of the four silent basic copy genes BC-A,
BC-B, and BC-C, which make up the 5' donor family, and
BC-3', the 3' donor (Fig. 3). As predicted from the restriction
maps, the 5'-most 1200-1224 bp of the ELCs can be entirely
derived from this family of silent genes. We cannot, however,
formally rule out contributions from other genes having small
regions of homology with the 78 5' donor family. The
remaining portions of the ELC sequences are derived from

a b c
-- 78-- -T --78-7 78 _ -78 1--

5 5015 nq M 10J c00 O ao DcW0 0o
3(kb)

-1.35 --

Bam Aha

Pvu
Pst Pvu Ava Pvu Bgl
I I \ I/

_~

Pvu
Pst Pvu Pvu Pvu Bam
4I

Pvu
Pst Pvu Ava Pvu Pvu Bam Aha
I \ / I

Pvu
Pst Pvu Pvu Bgl Bam Aha

\,'I

f
_

41-022-4

__

_!!

Pvu
Pst Pvu Ava Pvu Bg1 Bam

ELC 78 - .

200bp

FIG. 1. Restriction maps of VSG-78 ELC and basic copy (BC)
genes. Restriction maps of the 5' portions of VSG-78, -782°, and -78bi
ELCs and the silent-copy genes used for their construction. The solid
bars represent the VSG coding regions. Restriction enzymes: Aha,
Aha I1I; Ava, Ava I; Bgl, Bgl I; Bam, BamHI; Pvu, PvuII; Pst, Pst
I; Sal, Sal I.

FIG. 2. Lack of colinear silent copy gene homologous to the 5'
end of the VSG-78 ELC. Labeled synthetic RNA transcripts repre-
senting the 5' portion of the VSG-78 ELC sense strand were
hybridized with the indicated amounts of HindIII-digested DNA.
Aliquots of the hybrids were then treated with RNase for 15 min, 1
hr, or 2 hr. (a) Results with increasing amounts of cloned BoTat-78
cDNA from plasmid pTe 78-100. The lane labeled T shows the
untreated transcripts. The arrow shows the full-length 725-bp tran-
script. M, markers, in kilobases (kb). (b) Results with increasing
amounts of genomic DNA from BoTat-78 or _178. (c) Results with
increasing amounts of genomic DNA from BoTat-78 or -1.
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Base -100
78bi
78

-50 1 50
- --------------C--C--------- --- -G----------------------------------------------------
GTTTTCACTAAAGCCATAGATGCGTAGGGGGTTTATTGCGACACTAGCGCTTGCCTCGGCCGTACAGGCGGCAGTAAATGACAACGC

BC-A ACAAAGTGACGTCTAGCAGTAGCTGGAAGCCAAGAATATACCATATGAAACCCGCGACTTATTTTCCTTCTTCTTCTTOGCAAA -T----------------------------------------------------------- - --------------C -------
BC-B ACAAAGTGACGTCTAGCAGTAGCTGGAAGCCAACAACATACCATATGAAACCCACGACTTATTCTCCTCCTTCACCATGCAAA---------C-------C-A-- --G--------------------------
BC-C AAACCCACGACTTATTCTCCTCCTTCACCATGCAAA----------C-------C-A----G--------------------------
BC-3'#AGACACTTCGGAACCCAAGCCAAGAMAcAA AAACTAGGCTAAACTAGCAGTATGAGCGCAGCGAACACCTTCGCTGTGTTGCTGGCCGCCATTTTsCTTAGCACAGAAGC~~TGCGCCAACGTCGAATTCCGTACGCsCCAGMAGCTCACGCGCTGTGCGAACTA
Base 100 150 200

78 AGCTGAGTTCAGGGTTTTCTGCGACATCCTCGGTATGGATACGAGAGTCGAAACGATAAGCATAACATTGGCACCGCAAAGGCAACCGAAGTGCTAGAAGAGCTAGCATACCTGAACCTTACCGACTCTGACGAATGGCTAAAAGACMAAMCGGCGAACTCGCGG

BC-A--------G-------------G---A----C--A--------------T ---A----A---T-----A--G-GO------------C--T--A-C---A-----C----AG-T--

BC-3#GCAGCGGTAGCGACGCGACCCATAGAGGATTCACCACCAACCGCGACGGCGGCAGCGCCTACGATGAGCTGCAAGCGATCAACCAATCACTACACGACGTCGACATAAATAAAACTTTCAAGGCCAAAACCGGGACACCCGATTGGCGAGcACAGCCCGCCAGACGAAAT
Base 250 300 350 400
78bi .......A.............................--A------------- ---GC- ------- -G-------------------G-G-TG-----------------------G--- -

78 ACGAAAACGGAACCGACAAGAAGACAGAAAGACAAGATTGGGAGACCCATGTCAAGAAGCTGACAGAAAGGATAACAACGGGTAAACCAAAATATACAAGGATCACCTCAACAAGGCGGAAAACTGGAGTCGCGGCAGCAATGGCCCGAGCCTACAGCAAAGCAATC
7820 --------------------------------- A-----C---------------------------------------C--G------------------- G-G-TG -------------------------G------ T-A- - -C-G- - -G--------
BC-A --A--- -A----GG------GT-----------C-G---C------A-----A---------------------------------------------------G-- -

BC-B ---------------------------------- A------------------------------------ GC------ C--C--G -------------------G-G-TG------------------------- G------ T-A ---C-G- ---G-----------
BC-C ----------------A----------------------A---GC--------------C---------------C----------C-G---G-G--------------------T---TGG-G ------------- -T-G-A----TAG---------------------
BC-3'GCGAGCCGACGMACAT TGGMAGGCAMACTACGGCAGGTGGTTGCGGGGAGCMMAMAACTGCMAGMATMATGCAAGACGGAAATCGCCGCTTAMAGCCMAGCTGACTGCACTCGGAGCCGGACAGMAGCMATATGCMAGGATAGCGCTMATGCCT TTGATGGCACGGG
Base 450 500 550

78 TTMATMMACMGAGTTCGATAAACTGACCGACCAAGTCACAGCCGCAAMAAGAAGGCGACGTCAGAGATCAAAGTCT TTGTACGGAGATGGGAAAGCACCTTCGACAAAGGGGCTCTGGAAAGTACACCAGCAAGAACTGCCAAGACGAGCAGCACAATMAAA

BC-B G-G--------------------C----G-A-M-------------------------------------------------------C--C--A---T--G-G-----------CAGC------T----GG-------C-------A-G--A---M-CA----------
BC-C G-G------------------- C----G-A-A------------------------------------------------------- C--C--A T--G-G----------- CAGC-----T---GG-------C--------G-----AA-CA----------
BC-3'CCGMAGCCTTCGCTGCAUCTUGAGCUCAGCAGCAGCAGMAGTCTCAGUUMCAGCAGTGCGACGGTGMAGCAGCAGT TGCTAACGGCAGTCTATGGGCGACAAGAGGGCGACAGTGCCAACCTCGCAGACAATGTAATATTCAGAACAACCTCGCAGGAGATCGCGCG
Base 600 650 700

78 CGCTGGCAAATGTGTAGCCTGGGACTTTCTTTGCCTATGCACGGCAAGCGAGCCGACGGGGCAACACGGTGCGCACATGGGGCCAACGGCGGCCAGCTGGCGGACCCTTCATCATTAGAAACGGCCAAACAGCATTCACCACAATCMAAACAGCTGCCCCCAAAGC

BC-B ----C-C-0 - CC -A-T--M----A --A -A

BC-3'GCGAAGTGCGACACGGCGAGGAGACAGCTAGAAGTCAAACAATAGCGGGAGCTCT TCT TTGATATGCAGCCCAGCCAATGGCCCTCCGAGGCGCGGGUTTGCT TTACCACGGGACGGCGATTGCAGATTGGMATCCCCAGGCTAT TCCGCAGGTGGAGCGTGGATGC
Base 750 800 850 900
7abi ----------------------G--------------------------------------------------------------------------------------------------------------------- A--------------------
78 CGGCGAATAAGCGCTAACAGCTGACGAAATCTTCGGTACAATAGCGTCCT TTGAATCGTTACTCGGCAGACAGAGCGCTGGCCAGACCAACGCTCCTAACCACTATATAT TCGGCAAGCCGCACAGCGACGGCACCTGTMACGGAAGCAACGCCGAAGGCATGTGTGTA

BC-A --------TA--0------------0A -----------------------------------0 - -C----AC-----A-------------------C---C- ----T

BC-3 'GTTMMAGTCCATTGCCCACTTTACCGGGTAGCGGGGCGATAACGGCCGGACTAT TGTCAGAGGCUCTGMATAAGGTGCTGACAMAGGCT TACGGCGACGGCGGGGCGCTAT TCATAGGCAMACT TGATACCGGAGCAACCTGCACAGGAGCGAACAATGCCGGCATGTG

Base 950 1000 1050
78bi ..................................... ................ ................... ....................

78CCTACAACCACACCTATCAAAGGGAGGATCCGGAATACACTGGCTTMTMCCTAUGGCCGCAGCAGAGACACTTCGMGCGCTGMMAGCGGTACAGGMGCGAMGCA ACGGAAGCAAAGCTMCTGCAATCCAAACCGCCGCGTGGACTTTATATGACGAC

BC-A -0-------------------- A - 0 -AM-...C.........C...TT.C--C...T.A.-

BC-C AA------------------------------------------------------TAG-----------------------------------------------------C-- CA-----------------------------------------------GA ---
BC-3 'CTAAGTTTTCGGCAACTGCGAAGGTTTCGGATCCTGGCGTGCAGCGGGCGCCATGGGTGAGCGCAATAGCAGCAGCCGCAGAGACACTAGGAAG GAGAAAAGGCAACGAA^GCAGCAGCTAAGACCTGGAGCTCACAGCCT TAGCTTCTCAAGCGCACGTC
Base
78bi

1100 1150 1200 1250

78 AGTGTCAOGTGACCAGCAGAAGTGCMAAAATCAACAGCCGTTCACAAACAAGCAAGGCCMGGAAAAG GOAMCAGACGCAACTTGCOMOCAAAAGGMTTGGAGCGAATMCAMCCCCCATGCAAAGTGGAGGGCACAGGOAAGATGC AMOTGCACATT

BC-A------------------ C------TM------------------ ---- ---------- --A--MO- --A----CCA--TT-ATAA------ C----A-T-------- TTMOA-- TCA-- --T-.GAM-A--.-.---- --
BC-B - -- -- -- -- -- -- -- -- - -- - -------

C
- - - ---

TA

-----A- - -- -G--- -- -- -- -- -- -- -- -- --G- - - - -- -- ----- -A-- -- -- -------------------AA -CC-T-T-A-A- - -- --C---A--- -- -- ------T -TTGA-GGAG-A-GTGAGGAA-- -- -- --A-- --BC-B -- - -- --------GT-TT--------AG-----------TO-C-CC-GA--G C-C--
BC-C --------TGA --------------------------------------------------------- ------------------------------------TGA--------------------GT-TT- -GGAG- -TGAC-CC------------A-- -
BC-3'TTTTAGAAGCCGAGGCAACTCGCCGTCCAGCGGCACTACCGCTGCCAGCGACAAGC-CAAAAOAO---CTO-MA- - - --0---- G- -------C---MO--------CA-----A------ -----
Base 1300 1350 1400
78 GGATGAAGAGGAGGCCAAAAATTAGAAGAAGAAGACAAAGAGGAAGATGGCAAAGCAAACACAAACACCACAGGGAGCAATACTTTTGTCACTCATAAGGCTCCTCTT TTGCTTGCATTTTTGCTTTTTTAAAATTTCACCCCCTCCCT TTAAAACAAATTTTCC

BC-A ----A-G-----A-TA-C----CAG---AC--G---T CMGATGGCAAMTACCCTCA TAGGTGTACAAAGAACAMGACAAAA CGAGGTGTGAAAA GGTGAATGAGGGTCAGAAACAGGTGAAACMCTTTCGGTGTTATAGGACAAMCGCMGGAT
BC-B ---C - - --A- -A-TA-C---- CAG- --AC--G-- - TCMGATGGAMAATACACTCAGATAGGTGTACAAAGGACAMGACAAAA CGAGCTGTAAA GGAAAATGAGGGATTAAMAGCAGCAGGGGAAAAAGCTAATTGCAGATAGATAGAGAAAGTTCA
BC-C ---C - ---A-GMOGT- -C- - AGG ---C--GGTCAGATGGAAATACACTCAGATAGGTGTACAA GGACA AGACAAACGAGCTGT GGAATGAGGGATTGCAGCAGGGGACTT

Base 1450 1500 1550
78 TTGCTAAAAATTCTTGCTACTTGAAAAACTTTCTGATATATTTTAACACGC
7820 .--------------------------------
BC-A TCCAGTATTCTCCTAATGAGAAATTCTCTGATGGCTTTGCATTGTGGTTGT
KBC AATATTCCAGTT TTTTCGTCCATAAGAAATTGATTATGATTGCTGCTACTTTTGTAAGTTCAGTAGAATTTTTGCAT TATAAATATGCTTTACTCAACTTrTATGTATTTATCMTTTTATKCTT

FIG. 3. DNA sequences of ELCs and silent copies. The complete sequence of the VSG-78 cDNA is shown. Nucleotide identity of the other
cDNAs or the genomic silent copies BC-A, BC-B, BC-C, and BC-3' to VSG-78 is marked by a dash. Nucleotide differences are shown. In-frame
chain termination codons in the silent genes are underlined. The first ATG in the reading frame used for the 3' portion of BC-3' (bp 915) is in
boldface type. Sequences are arranged to give the best alignment.

the 3' donor. To account for the sequence arrangement in the
5' 1200 bases of the three ELC genes, regions must be taken
from at least two of the silent genes of the 5' donor family. In
most of the cases, sequences derived from BC-B and BC-C
cannot be distinguished. There are no regions in any of the
ELCs that can unambiguously be identified as having been
derived from BC-C although the C residue at position 892 in
the 78 and 7820 ELCs is likely to be BC-C derived. The
boundaries between patches derived from the different silent
copy genes were estimated as the midpoints between noni-
dentities in the silent genes and are shown in Fig. 4. Different
patterns of silent gene segments are used to form the 5'
portions of all three mosaic VSG-78 ELC genes. Since there

are numerous regions of identity in the three silent genes,
unseen patches cannot be ruled out. The simplest interpre-
tation of these results is that the 5' ends of the ELCs are
mosaics, constructed ad hoc with blocks of sequence from
two or possibly three of the silent genes.
The Silent Genes Are Incomplete and Defective. We have

previously shown that the silent 78 genes BC-A and -B are
incomplete genes that do not have competent 3' ends and
must depend on interaction with a 3' donor gene for the
missing information (12). This is also the case for BC-C (Fig.
3). Examination of the sequences of the silent 78 BC genes
reveals that all are pseudogenes and incapable of individually
coding for the 5' end of a VSG gene. BC-B has an in-frame
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FIG. 4. Structure of the VSG-78 silent gene family and the -78,
-782°, and -78bi ELCs. The 78 silent-copy genes and ELCs are shown
schematically. The positions of in-frame stop codons in the silent
genes BC-A, BC-B, and BC-C are shown as dark vertical lines. The
segment boundaries of the ELCs derived from different silent copies
were estimated. 3' Don indicates a 3' donor gene.

stop codon at position 693 (see Figs. 3 and 4). BC-C differs
very little from BC-B. However, a single base deletion at
position 601 leads to numerous stop codons in all reading
frames. BC-A has the longest open reading frame of the three
5' silent genes. Nevertheless, the presence of several frame-
shifts results in an in-frame TAA at position 1123.
We have also cloned and sequenced the 3' basic copy of the

78 gene (Figs. 3 and 4). Like the 5' silent copy genes, it lacks
sufficient open reading frame to code for a VSG. Although it
can code for the 3' end of the 78 ELC genes, it cannot code
for the 5' end in the same reading frame because there are
TAA codons at bases 36 and 333. Also, the first methionine
codon is at base 915. This gene is not a member of the family
of silent genes that codes for the 5' region ofthe ELC. Rather,
between bases 1164 and 1268, it shares 77% identity with
BC-B. It is in this short homology region that the recombi-
nation event that created the 78 ELC genes must have
occurred.
The Silent Pseudogenes Evolve from Complete Genes. There

are two highly conserved sequences, referred to as the 8-mer
and the 14-mer, located at the 3' ends of all complete VSG
genes (18-20). As shown in Fig. 5, the 8-mer and 14-mer
sequences are present between bases 1444 and 1476 of the
VSG-78 ELC genes. The silent BC-B gene sequence between
bases 1515 and 1544 aligns with bases 1443-1469 of the
VSG-78 cDNA (24 out of 30 bases), and remnants of the 8-
and 14-mer sequences can be found (Fig. 5). There is also a
8 of 8 match to the 8-mer starting at position 1473 of BC-B.
These results strongly suggest that the BC-B silent gene has
evolved from a complete gene. The apparent lack of homol-
ogy between BC-B and the VSG-78 cDNA or 3' donor genes
between bases 1268 and 1444 suggests that BC-B evolved
from a complete gene by using a 3' donor other than the one

8mer 14mer
78 cDNA 1443 TTGCT ACTTGAAAAACTTTCTGATATATTTT AAC
BC-B 1473 TGCT ACTT

of 1515 TGCTTTACT C AACTTTATGATAT TTATCAA

FIG.5. Comparsion of 3' ends ofVSG-78 cDNA and silent BC-B.
The sequence in the noncoding region of the VSG-78 ELC between
nucleotides 1443 and 1476 was aligned with two sequences in the
silent BC-B gene, nucleotides 1469-1477 and 1515-1544. The se-
quences were aligned with gaps to provide maximum identity. The
highly conserved 8-mer and 14-mer sequences found in all ELC genes
are indicated above the VSG-78 cDNA sequence.

used in the 78 and 7820 ELCs. Although the BC-A sequence
does not contain the conserved 8-mer and 14-mer in the
region that we sequenced, its high degree of homology with
BC-B suggests that the two have the same origin.

DISCUSSION
We have analyzed the structures of three VSG-78 ELC genes
coding for T. equiperdum VSGs. These genes were found in
independently derived variants from separate infections. All
appear to have used the same blueprint for the construction
from silent-copy genes, as they are all pieced together from
silent copies that are themselves pseudogenes. All three
VSG-78 ELC genes make use of two kinds of chimeric
structure. First, we have defined the hybrid nature of the
ELCs. The 5' 1200 bases are derived from a family of closely
related silent genes, while the 3' portion is derived from
another silent gene that shares only an 85-bp region of
homology with the 5' donor family.
The second type of chimeric structure used for the con-

struction of the VSG-78 ELCs is the mosaic patchwork found
in the 5' segments of the genes. In each case the mosaics are
made from highly related silent-copy genes. For the three
independently derived VSG-78-expressing isolates we exam-
ined, the mosaics all differed, strongly suggesting that the use
of incompetent silent-copy genes to create mosaics results in
the generation of diversity.
Remarkably, not one of the silent genes used to construct

the VSG-78 ELCs is itself capable of coding for a VSG.
Despite this, they are able to contribute to the construction
of complete VSG genes. This seemingly complex event is not
unique since BoTat-20, -20bis, and -20ter, other late-appearing
variants, use the same mechanism for the construction of
their ELC genes (ref. 21, unpublished data). Variants ex-
pressing VSG-78 and -20 appear in most T. equiperdum
infections (9), suggesting that the parasites possess an effi-
cient mechanism for the construction of composite ELC
genes. Although we do not know the precise mechanism of
this process, our analysis suggests that a gene conversion-like
mechanism generates the 5' mosaics, since the donor genes
do not appear to be altered by the process. Similar mecha-
nisms have been proposed for the generation of Neisseria
gonorrhoeae pilin genes (22, 23) and the chicken immuno-
globulin genes (24). It is possible that the 5' donors first form
an intermediate extrachromosomal mosaic structure, which
then recombines with the appropriate resident gene within
the expression site. It is also possible that there are multiple
rounds of conversion of an initial hybrid gene by silent 5'
donor genes.
For both the VSG-78 and VSG-20 families of ELCs, the

junction between the 5' and 3' donor genes occurs within a
short (80 bp for VSG-20, 85 bp for 78) region of homology
(21). This strongly supports our earlier model proposing that
the 5' donor sequences for late-expressed VSG genes must
find homology with the resident VSG gene in an expression
site for integration into the site (11, 12, 25). Furthermore, the
finding that the VSG-20 and VSG-78 partners use different
homology sequences suggests that this homology might play
a role in the generation of ordered VSG gene expression. For
example, different families of late 5' donor genes might share
homology with the same 3' donor. The region of homology
with one 5' donor gene family, family "y," might be located
on the 5' donor segment of the previously expressed family,
family "x." Thus, the y family of 5' donor genes could not be
used until after a member of the x family was used in an
expression site.
Although the homologies between the 5' and 3' donors

differ for the VSG-20 and -78 genes, they do share an
11-bp-region identity. Each has the sequence TGCAAAC-
CCCC (at position 1205-1215 in Fig. 3) in either the indicated
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or opposite orientation (marked in bold type in Fig. 3). In both
cases, the actual recombination must have occurred within or
very near this sequence. It is thus possible that this il-mer is
important in the recombination process.
We propose that African trypanosomes use mosaic gene

formation, or gene conversion, as a primary mechanism for
the generation of VSG diversity. This is consistent with the
repeated findings that many VSG genes are members of
related, but not identical, families (26, 27). The use of such a
mechanism for the generation of VSG diversity would allow
the parasites to generate large numbers of different VSGs
with a rather small repertoire of silent genes. The three ELCs
that we have characterized code for very similar VSGs.
However, we selected for this by choosing variants that are
recognized by the same antisera. It is probable that the same
silent genes, used in different configurations, could code for
immunologically different VSGs.
The formation of mosaic genes would also amplify diver-

sity generated by base-substitution mutations. Mutations that
accumulated randomly in the individual silent copies would
be distributed differentially each time an ELC was con-
structed. Furthermore, since the ends of individual patches in
the mosaic genes might occur within codons, a given base
substitution could lead to more than one amino acid change.
Frameshift mutations could also expand the available amino
acid sequence diversity.
The early appearing VSGs are coded for by silent copy

genes that contain complete open reading frames and pre-
sumably those sequences necessary to allow them to replace
any VSG gene in an expression site. It is probably this
property and the efficiency with which it can be used that
allow them to be used early in the infection. On the other
hand, the incomplete, late-appearing VSG silent genes,
which do not have competent 3' ends, would be dependent on
finding homology with the resident VSG gene and on other
seemingly complex mechanisms for their successful integra-
tion into expression sites. This situation raises the question
of why the partial genes have been maintained in the VSG
gene repertoire. In other words, why aren't all the silent VSG
genes complete? One reason for the maintenance of the
incomplete silent copy genes might be that the use of mosaic
genes permits the accumulation of mutations in the silent
genes and also offers the selective advantage of generating
more diversity per nucleotide than does the use of complete
genes. Also, it is possible that genes that possess the se-
quences necessary for their integration into expression sites
might be lost from the genome more rapidly than the incom-
plete genes due to accidents during variation events. What-
ever the reason, it is clear that there has been a selection for
the maintenance of incomplete silent VSG genes in T.
equiperdum, since there appear to be many more late genes
than early genes (9).
The use of complete genes for the early variants also offers

a selective advantage to the parasites. In a natural infection,
the initial inoculum is relatively small and the infected animal
is healthy. Since the use of the complete genes is presumably
more efficient (i.e., carried out with fewer steps) than that of
the partial genes, a high proportion of variation events would
be successful, thus allowing for the survival of the parasites
in the infected host. At later stages of the infection, when the
parasite load is high, and the host immune system more
compromised, the inefficiency inherent in the use of the
partial genes (i.e., the high probability of composing pseu-
dogenes in the expression site) would no longer pose a threat
to the survival of the parasites in the infected host.

Finally, our results offer a plausible explanation for African
trypanosomes' use of the cassette mechanism for VSG gene
activation. This is based on the similarity of the late-
expressed VSG gene construction to that of immunoglobulin

genes in lymphoid cells of vertebrates. In both cases, a
relatively constant C-terminal region is joined to a variable
N-terminal region. Also, in both cases the genes coding for
the two regions are maintained in separate regions of the
genome and brought together only for construction of the
complete gene. In the immunoglobulin case this is done in
specialized cells by deletion, and less frequently, by inver-
sion. However, since the trypanosomes are unicellular, de-
letion would be difficult or impossible since genetic informa-
tion would be lost at each variation event. Formally, dupli-
cation achieves the same purpose.
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