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Irypanosomes are unicellular, flagellate protozoa re-
sponsible for some of the most widespread parasitic dis-
eases of humans and domestic animals (Hoare 1972). In

itself, this would explain the increasing popularity of

rypanosomes as research objects. However, trypano-
somes also have a number of intriguing attributes that

are of scientific interest: (1) The mitochondrial DNA of

trypanosomes 1s the most bizarre DNA in nature; it
consists of a large network of catenated circles, usually
called kinetoplast DNA (see Borst and Hoeijmakers
1979). (2) Trypanosome glycolysis is unique since it is
organized in a separate organelle, the glycosome (see
Opperdoes and Borst 1977). (3) Trypanosomes can com-
pletely suppress mitochondrial biogenesis (Hoare 1972).
a property they share only with yeast. (4) Although try-
panosomes are primitive eukaryotes with much less ge-
netic complexity than that of Escherichia coli, they share
some of the typical aspects of eukaryotic genome orga-
nization, i.e., simple sequence satellites and a large frac-
tion of intermediate repetitive DNA (Borst et al. 1980b).
(5) Finally, the African trypanosomes are able to evade
host antibodies by antigenic variation; this unusual
property 1s the subject of this paper.

Several aspects of antigenic variation are now well
understood (see Gray and Luckins 1976; Cross 1978:
Vickerman 1978). Trypanosoma brucei is completely
covered with a thick surface coat (Vickerman 1969). and
this coat 1s the only part of the trypanosome seen by
host antibodies. By producing a repertoire of coats that
are antigenically distinct, the parasite escapes immuno-
destruction. Cross and his co-workers have provided
strong evidence that the surface coat consists of a single
glycoprotein, called variant surface glycoprotein or
VSG (Cross 1978). VSGs from different cloned variants
of 7. brucei have molecular masses in the 50-60 kilodal-
ton (kD) range but differ in amino acid composition and
sequence. Probably. the N-terminal half of the protein
makes up the outer layer of the surface coat. whereas
the C terminal 1s associated with the cell membrane and
carries a carbohydrate side chain (Cross and Johnson
1976 Johnson and Cross 1979; Holder and Cross 1981).
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One trypanosome clone can make at least 100 different
VSGs (Capbern et al. 1977; Cross 1978).

The ability of trypanosomes to produce such an im-
pressive repertoire of VSGs raises two related questions:
(1) What 1s the origin of VSG diversity? Does the try-
panosome have more than 100 genes for VSG, or is
some kind of localized hypermutagenesis or scrambling
mechanism involved (cf. immunoglobulin genes)? (2)
How does the trypanosome switch from one VSG to the
next? Is this controlled at the level of transcription ini-
tiation, transcript processing, or translation?

Recombinant DNA technology provides an obvious
approach to answering these questions. The results ob-
tained thus far are summarized in this paper.

Experimental Approach and Characterization of
Complementary DNA Clones

We have cloned DNA complementary to the messen-
ger RNAs (mRNAs) for four VSGs in E. coli and used
these complementary DNA (cDNA) clones to study
VSG genes and their expression. The four variants
used——called 117, 118, 121, and 221—all arose from a
single cloned stock of 7. hrucei strain 427. The variants
were cloned and subcloned in irradiated mice, and large
batches of each variant were grown in rats. Such ro-
dent-adapted, syringe-passaged strains are so virulent
that they kill the host in a few days, before antibodies
can arise. This makes it possible to get a large batch of
trypanosomes in which more than 99% express a single
VSG. Total poly(A)" RNA was isolated from each vari-
ant and DNA complementary to this RNA was joined
to plasmid pBR322 and cloned by standard techniques.
We selected the clones containing RNA complementary
to VSG mRNA by differential hybridization. Since anti-
bodies against the protein part of any of the four VSGs
do not crossreact with the other three, we reasoned that
the mRNASs for these VSGs would have little homology
either. Moreover, since all four variants come from the
same trypanosome and are grown under identical con-
ditions, the major, if not only, difference in the mRNA
populations isolated from these four variants should be
in the mRNA for VSG. Hence. cDNA clones only hy-
bridizing with homologous RNA (from the same vari-
ant) and not with heterologous RNA (from the other
three variants) should contain DNA complementary to
VSG mRNA. This turned out to be the case. We have
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Table 1. Apparent Sizes of VSG mRNA and Cloned cDNA

cDNA
mRNA total sequence
Variant  (nucleotides)  longest insert (bp)  1n ¢cDNA (bp)
i 2250 573 1750
|8 2050 450) 600
21 2150 150 150
221 1950 200 800

The apparent sizes of the mRNAs were determined trom ex-
periments like that shown in Fig. 1. The apparent sizes of cDNA
inserts were estimated from their mobility in agarose gels relative
to markers. The sizes given include dG-dC tails of unknown
length (but probabiy smaller than 30 bp). The total cDNA se-
quence present in our clone collection was calculated from maps
of overlapping ¢cDNA clones. Data are from Hoeiyymakers et al.
(1980a) and unpubl.

checked 31 of such homo-specific clones, and in each
case the clone contained DNA complementary to VSG
mRNA.

None of our clones contain complete cDNA copies of

the VSG mRNAs, and several lack the 3" end of the
mRNA. We attribute this to technical problems in the
isolation of intact mRNA and in the construction and
cloning of full-length cDNA. By using more than one
clone as a probe, however, we can detect sequences
complementary to most of the mRNA with three of the
four variants (Table 1). Details of this work have been
published by Hoeiymakers et al. (1980a).

There Is No Major Sequence Homology between

the Four Different VSG mRNAs Studied, and the
Expression of These VSG Genes Is Not
Controlled at the Translation Level

Our ability to 1solate cDNA by differential hybridiza-
tion already indicated that the mRNAs for different
VSGs do not have much sequence homology. This 1s
now supported by two types of experiments: (1) There 1s
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no detectable cross-hybridization between the VSG
cDNAs of different variants at about 7,,—30°C (Hoelj-
makers et al. 1980a). (2) The cDNA of each variant only
hybridizes to homologous RNA, as shown for the 117
cDNA 1n Figure 1.

The result in Figure | also shows that the control of
VSG gene expression 1s not at the translational level,
because no latent VSG mRNA can be detected by hy-
bridization in a variant that does not express the corre-
sponding VSG. Since we do not see precursors of VSG
mRNAs in these blots either, even after long exposures,
the expression of VSG genes appears to be primarily
controlled at transcription initiation.

Activation of a VSG Gene Is Accompanied by the
Appearance of a Novel Expression-linked

Copy of That Gene

When the cDNASs of these four VSG mRNAs are hy-
bridized with restriction digests of the nuclear DNA of
one variant, each cDNA hybridizes with a separate set
of bands. Figure 2 shows that the 117 cDNA probe sees
a large series of bands, derived from a family of related
oenes (see below). The 118 ¢cDNA probe mainly sees
one gene, and the 121 cDNA probe sees three to four
genes (but in this blot, they give the same bands in most
digests). As expected from the preceding section, the
four different VSG gene families have no obvious bands
in common. We can now ask whether the expression of
a VSG gene 1s accompanied by rearrangements in
DNA, by hybridizing one cDNA with restriction digests
of the nuclear DNAs from the four variants. The results
for two cDNAs are illustrated in Figure 3. The 117 VSG
cDNA hybridizes with the same fragments in all nuclear
DNAs; the only exception to this 1s one extra band
found in the Mspl digest of homologous (117) nuclear
DNA. Such extra bands in some digests of homologous
nuclear DNA have also been found with the 118 (Fig. 3)

Figure 1. Hybridization of cloned ¢cDNA with
poly(A)" RNA from the homologous variant and
other variants. Glyoxal-treated poly(A)" RNA (2
ng) from each of the four trypanosome variants
was electrophoresed through a 1.75% agarose gel
in Tris-borate buffer (Van Ommen et al. 1979).
After transfer of the RNA to diazobenzyloxy-
methyl paper (Alwine et al. 1977), the filters were
hybridized with nick-translated recombinant
plasmid DNA containing sequences complemen-
tary to VSG mRNA (Hoeiyymakers et al. 1980a).
(4) Photograph of the ethidium-stained gel after
electrophoresis: (lane /) variant 117 RNA: (lane
2) 118 RNA: (lane 3) 121 RNA; (lane 4) 221
RNA. The large nbosomal RNA contains an 1n-
ternal break and yields two bands. (B) Autora-
diograph of the RNA in A after transfer to
diazobenzyloxymethyl paper and hybridization
with a recombinant plasmid containing DNA
complementary to VSG 117 mRNA (TcVI17-1).
(C) As B, but each RNA hybridized with the ho-
mologous cDNA probe: (lane /) TcVII17-1; (lane
2) TcVI118-2;: (lane 3) TcVI121-3; (lane <)
TcV221-12. Reprinted, with permission, from
Hoeiymakers et al. (1980b).
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Figure 2. Autoradiograph of variant-specific cDNA probes hybridized to restriction enzyme digests of nuclear DNA from T
brucei variant 118. Nuclear DNA was isolated by a modification of the kinetoplast DNA isolation procedure (Borst and
Fase-Fowler 1979), digested under standard conditions (Borst and Fase-Fowler 1979) with the enzyme indicated, and elec-
trophoresed through a 0.6% agarose gel (Borst and Fase-Fowler 1979). The gel was blotted onto nitrocellulose filter strips as
described elsewhere (Hoeiymakers et al. 1980a) and hybridized with nick-translated DNA from the following recombinant
plasmids: (a) TcVI17-1; (b) TeVII8-2: (¢) TcVI21-3. See legend to Fig. | for further details. Reprinted. with permission.

from Hoeiymakers et al. (1980a).

and 121 cDNAs. The fact that each of these three probes
sees the same set of bands in the nuclear DNA from all
four variants strongly indicates that each variant con-
tains the whole repertoire of VSG genes and that anti-
genic variation 1s based on differential expression of pre-
existent genes rather than on the creation of new genes
by DNA rearrangements or local hypermutagenesis. We
attribute the presence of extra bands in homologous nu-

clear DNA to a novel expression-linked copy (ELC) of
the VSG gene.

The VSG 118 gene family 1s rather simple, and, under
stringent hybridization conditions, all fragments seen by
the 118 cDNA probes in heterologous nuclear DNA can
be attributed to a single gene, the basic copy of the 118

VoG gene.
[t was therefore relatively easy in this case to con-
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Figure 3. Autoradiograph showing hybridiza- Q§ _ w44
tion of VSG-specific cDNA probes with ho- f . - e :
mologous and heterologous nuclear DNAs. - - &
Nuclear DNA digests from the two variants - P |
indicated were electrophoresed through a . m
|.2% agarose gel, blotted, and hybridized with r 9
the cDNA probes indicated. See legend to Fig.
2 for further details. A8 CED AT BLEED AB AB AB
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Figure 4. The physical maps of VSG 118 genes. Cleavage sites in and around the two copies were mapped by hybridizing
nuclear DNAs from variants 118 and 221 with 5-half and 3-half probes of 118 cDNA. The probes were obtained by digest-
ing the TcV118-2 plasmid with EcoRI and Pstl and separating the two fragments by agarose gel electrophoresis. The frag-
ments were labeled by nick-translation (Hoeiymakers et al. 1980a). The black box is the sequence cloned as cDNA and
present in TcV118-2. There are several Mspl sites within the cDNA segment, but only two are indicated. A tentative 5'to 3’
orientation of the 118 cDNA was determined by hybridizing restriction digests of this DNA with short cDNA made on ho-
mologous poly(A)” RNA with reverse transcriptase (cf. Hoeijmakers et al. 1980a). This orientation has been directly con-
firmed using the protection of 5*-labeled single-stranded cDNA fragments against degradation by S nuclease by prehybrid-
ization with homologous poly(A)™ RNA (H. Majunder and C. Weissmann, pers. comm.). (B) BamHI; (E) EcoRI; (H)

Hindlll; (M) Mspl: (P) Pstl.

struct physical maps of the basic copy and the ELC. The
comparison of the two maps presented in Figure 4
leads to the following conclusions: (1) The relative posi-
tions of the restriction sites in the region covered by the
cDNA and | kb 1n the 5" direction are identical. Since
the cDNA 1s only about 500 nucleotides shorter than the
| 18 VSG mRNA (Table 1), this indicates that the basic
copy and ELC can code for the complete leader se-
quence of this mRNA. The nearest site at the 3’ end of
the gene that has been found to differ in basic copy and
ELC 1s the PstI site 300 nucleotides from the end of the
region corresponding to the cDNA. This site could be
outside the gene, and therefore both genes may contain
the complete mRNA sequence. (2) The sequence on
either side of the ELC differs from the corresponding

sequence 1n the basic copy. This difference is such that
one cannot derive the ELC from the basic copy by sim-
ple inversion of the gene, by the insertion or excision of
a continuous block of DNA on either side of the basic
copy (unless these are larger than 10 kb), or by loss or
gain of less than three restriction enzyme sites. The sim-
plest interpretation 1s that the ELC is a duplicate of the
basic copy that has been transposed to a new location in
the DNA. We see no consistent difference in hybridiza-
tion intensity between basic copy and ELC fragments
(see results for 118 cDNA in Fig. 3). This suggests that
the ELC 1s an extra copy.

At first sight these results are reminiscent of the “‘cas-
sette” mechanism of mating-type switching in yeast
(Strathern et al. 1979), the main difference being in the
number of cassettes that are available to feed the “tape-
recorder head”—more than 100 in trypanosomes instead
of the 2 in yeast. Preliminary and incomplete maps of
the ELCs of the 117 and 121 VSG genes show, however.
that their surrounding sequences are not identical to
those of the 118 ELC. If a cassette mechanism applies in
our case, it may therefore involve more than one ex-

pression site. Having a separate expression site for each
gene family could even provide a mechanism to prevent
two members of the same family from being expressed
in sequence. It is not excluded, however, that the inser-
tion of VSG gene copies into the expression site and/or
their inactivation/removal could lead to sequence alter-
ations around a single expression site.

Organization of VSG Genes in Families

Under standard hybridization conditions, the 117
cDNA hybridizes to a large number of bands of hetero-
logous nuclear DNA in Southern blots (see Fig. 2), sug-
gesting that 1t recognizes a family of related genes. By
raising the stringency of the hybridization, the family is
reduced to a single gene, as mentioned before (Hoeij-
makers et al. 1980b). With the 118 ¢cDNA probes,
mainly one gene i1s seen under standard hybridization
conditions (Fig. 2), but when the stringency is relaxed.,
many more fragments become visible. The family rela-
tions in the 118 VSG gene family have been analyzed in
more detail with probes for the 5" half and 3’ half of the
gene. As shown in Figure 5, the family members are
only recognized by the 3-half gene probe. From a
quantitative comparison of hybridization experiments,
it 1s clear that this result is not due to the fact that we see
a tamily of genes with the same 5’ half and diverged 3’
halves. We rather see 3" halves without being able to de-
tect the corresponding 5’ half. Analogous results have
been obtained with the 221 family; in this family, how-
ever, the multiplicity of genes recognized by the 3’-half
probe 1s large and involves more than 50 separate bands
In blots (see below).

T'hus far, 3" halves and 5’ halves have mainly been
defined by the use of cDNA probes cut more or less in
the middle at a convenient restriction site. The repeated
segment could therefore be smaller than the 3’ half of
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Figure 5. Autoradiograph showing hybridization of nu-
clear DNA digests with 3-half and 5™-half probes of VSG

118 ¢cDNA. The nuclear digests ([4] 117 DNA; [B] 118
DNA) were electrophoresed through 0.7% agarose. blotted
onto nitrocellulose, and hybridized in 3X SSC (0.45 ™m
NaCl, 0.045 M sodium citrate, at pH 7.0) at 65°C in the
presence of 10% dextran sulfate as described (Wahl et al.
1979). In practice, this results in less stringent hybridization
than 3X SSC alone (our standard conditions) even if the
blots are exhaustively washed at 65°C in 3x SSC without
dextran sultate. The labeled half-gene probes were ob-
tained as described in the legend to Fig. 4.

the gene. We find, however, that a 117 ¢cDNA plasmid
that does not contain the DNA segment corresponding
to the last 29 amino acids and the 3’ trailing region of
this gene still hybridizes with the repeated segment of
the 117 family. This segment is therefore not limited to
the 3" end of this gene family.

We do not yet know whether the VSG gene segments
that are detected by 3'-half probes at low stringency are
part of complete and functional VSG genes. Our evi-
dence on this comes mainly from results with the 117
tamily. In this family, we see about 20 to 30 fragments
with our 3’-half probe under standard conditions. Some
of these fragments are also seen with the 5-half probe.
but this hybridization is more easily lost in stringent
washes than hybridization with the 3’-half probe. Anal-
ogous results have been obtained with a genomic clone
of a 117-related gene in the phage A vector Charon 21A.
We 1nfer from this that most of the VSG-related genes
detected only with 3"-half probes are complete VSG
genes. This leads us to the following speculative inter-
pretation: The present VSG gene families have evolved
by gene duplication followed by sequence divergence of
genes by mutations. The 5" halves of the genes evolve
faster than the 3" halves, and hence, 3™-half probes still
see family members that are not recognized any more by
the 5"-half probes.

This speculative interpretation agrees rather well with
the limited information available on the VSG itself
The N-terminal half of the protein forms the outer
layer of the surface coat (Cross and Johnson 1976; John-
son and Cross 1979; Holder and Cross 1981), and it pre-
sumably 1s allowed to evolve rapidly since the only re-
straint on this segment 1s the ability to form a well-

packed surface layer. The 3’ end of the protein is
thought to be associated with the membrane, and this
association may restrict its sequence evolution. Se-
quence analysis of the 117 cDNA clones has shown that
the first stop codon is 23 amino acids beyond the pre-
viously determined carboxyl terminus of the mature
protein (Cross et al. 1980). The last 15 amino acids are
very hydrophobic and could serve to anchor the VSG in
the cell membrane. Whether these terminal 23 amino
acids are cut from the protein in vivo (acting as a signal
peptide for positioning on the membrane) or during iso-
lation remains to be determined. Finally, the C terminus
of the mature VSG carries carbohydrate side chains
(Johnson and Cross 1979; Holder and Cross 1981). and
this might put additional sequence restraints on that
part of the protein.

[t should be noted, however, that the 3" half of the
VSG genes 1s not so conserved that we can detect ho-
mology between the four families for which we have
probes under standard hybridization conditions. Al-
though the 3"-half probe of VSG 221 hybridizes with an
impressive array of bands in blots of nuclear DNA (Fig.
6). 1t does not hybridize at all with blots containing
RNA from the three other variants. Moreover, the ge-
nomic clone that contains the VSG gene corresponding
to our 117 cDNA does not see significantly more bands
in nuclear DNA blots than 117 ¢cDNA itself. This shows
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Figure 6. Autoradiograph showing hybridization of nu-
clear DNA digests from different 7. brucei strains with 3 -
halt and 5-half probes of VSG 221 ¢cDNA. The nuclear
DNA was digested with Mspl, electrophoresed through
0.7% agarose, blotted onto nitrocellulose, and hybridized in
3X SSC at 65°C. The half-gene probes used were two plas-
mids (TcV221-5 and TcV221-12) that contain partly over-
lapping ¢cDNA segments. The common segment is 750 bp:
TcV221-5 contains 390 bp extending in the 5’ direction:
TcV221-12 contains 470 bp extending in the 3’ direction.
The 7. brucei strains used were: (a) T. brucei strain 427 (the
strain used in all other experiments). (b) 7. equiperdum; (c)
I. brucei strain 31; (d) T. brucei strain EATRO 1125; (e) T.
brucei strain LUMP 127. See Borst et al. (1980b) for a more
complete description of strains.
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that a VSG gene plus surrounding sequences only hy-
bridizes with fragments of the homologous family in nu-
clear DNA blots. Therefore, there are no elements com-
mon to all VSG genes that can be detected under
standard hybridization conditions. However, 1n recent
experiments we have observed weak cross-hybridization
when the stringency of the hybridization conditions 1s
further relaxed. It i1s possible that this reflects the faded
afterimage of the ancestral gene from which these VSG
genes have evolved. but the specificity of this hybridiza-
tion remains to be proved.

[n conclusion, we think that the interpretation given
here fits our data and 1s at present the most plausible
one; however, other interpretations are not ruled out. 7.
brucei may be a graveyard full of fossil genes: there may
be a collection of unlinked 3"-half and 5-half genes. The
further analysis of the genomic clones now available
should settle this.

121 and 221 Genes

The results for the 121 VSG gene family differ in two
respects from those obtained for the 117 and 118 fami-
lies: (1) Whereas in the 117 and 118 families we can dis-
tinguish between the homologous basic copy and re-
lated genes by stringent hybridization. we see multiple
genes (three or four) in the 121 family under stringent
conditions. In this case, moreover, the 5-haif probe sees
more fragments in blots than the 3™-half probe. We at-
tribute this to duplications of the 121 VSG gene that
have occurred recently in the evolution of 7. brucei. (2)
Whereas the results on the ELCs of the 117 and 118
VSGs are simple and consistent, the 121 cDNA not only
recognizes an extra VSG gene (the 121 ELC) in homolo-
gous nuclear DNA, but also a different extra gene in 221
nuclear DNA (Hoeymakers et al. 1980b). The 121 clone
was obtained from a chronically infected rabbit before
the 221 clone, and 1t 1s possible, therefore, that the extra
121 gene seen in 221 nuclear DNA represents an inacti-
vated and partially altered 121 ELC. Since the 121 gene
family has recently undergone duplications, the extra
gene may also be an additional duplication only present
in one of our clones.

The results with the 221 VSG gene family are even
more complex. In this case, also we see more than one
gene 1n heterologous nuclear DNA under stringent con-
ditions, and, moreover, there are minor differences 1n
the genes found 1n different nonexpressor variants. In
the homologous nuclear DNA, these genes appear to
have been replaced by a single different gene. A possible
interpretation of these results 1s that the basic 221 gene
1s unstable and that the homologous nuclear DNA only
contains a 221 ELC, whereas the basic copy has been
lost. Evidence for this instability comes from the experi-
ments on the evolution of VSG genes reported below.

The complications encountered with the 121 and 221
VSG genes may explain why Willlams and co-workers
(Williams et al. 1979 and this volume) have not found
an ELC for the single VSG gene studied by them but
instead have observed VSG gene rearrangements unre-
lated to expression.

Arrangement of VSG Genes in Nuclear
DNA: Introns

We have recently made a genomic clone bank of nu-
clear DNA 1n AgtWES and have 1solated a clone that
contains the 117 basic gene in the middle of a 8.2-kb
EcoRI fragment. There 1s only one 117 gene 1n, this
fragment, and therefore the members of this family are
not tightly packed next to each other in the DNA. The
fragment does not hybridize with the 118, 121, and 221
cDNAs under stringent conditions either.

An R loop made by hybridizing the cloned DNA
fragment with homologous poly(A)” RNA from the 117
variant 1s shown in Figure 7. The hybrid part of this R
loop 1s continuous, and there 1s no evidence for introns.
The single-stranded RNA tail hanging out on one side 1s
at the 3" side of the gene, as determined by side-specific
half-gene probes on DNA blots of the cloned fragment.
The size of the hybrid part in 17 molecules, judged to
contain intact RNA, was 1560 = 83 bp (mean * s. D.):
the size of the tail was 310 £+ 80 nucleotides. This tail 1s
unusually long for a poly(A) tail, and part of this tail
may be the 3’ trailing region of the mRNA displaced
from the hybrid by the homologous DNA strand 1n this
R loop. We cannot exclude, however, that the terminal
part of this 3" trailing region 1s not present in the basic
copy and added onto the gene in the ELC. We note that
this genomic clone was 1solated from 118 nuclear DNA.
This provides additional evidence that the 117 basic

Figure 7. Electron micrograph showing an R loop of VSG
|17 mRNA and its homologous basic copy gene. The
cloned §.2-kb EcoRI fragment of variant 118 DNA, which
contains the 117 gene, was mixed with poly(A)” RNA from
variant 117 and incubated in buffered 70% formamide, 0.1
M PIPES (pH 7.8), 10 mm EDTA, 0.4 M NaCl. Incubation
was started at 55°C and the temperature was lowered at a
rate of 4 °C per hr (until 45°C). The sample was then chilled
in 1ce and spread 1n a solution containing 68% formamide,
60 mM Trns-HCL, 5.4 mm EDTA, 40 mMm PIPES, 0.16 M
NaCl, 0.004% cytochrome ¢ on H,O. See Thomas et al.
(1976) and Arnberg et al (1980) for further details. The bar
1s 0.3 pm.
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copy 1s present unaltered in the nuclear DNA of another
variant.

With all four cDNA probes, we have found that all
internal cDNA fragments checked are present as such in
nuclear DNA blots. Together with the R loops, these re-
sults show that VSG genes are not riddled with large 1n-
trons.

Evolution of VSG Genes

[n the preceding sections we have argued that each
trypanosome has a finite number of complete VSG
genes at its disposal, that these genes are grouped 1n se-
quence-related families, that families have arisen from
an ancestral sequence by duplication followed by muta-
tions, and that the 5" half of VSG genes evolves faster
than the 3’ half. This raises at least two additional ques-
tions: (1) Are new VSG genes still being generated by
duplication? If so, one would expect to see loss of genes
as well, because in a small genome of fixed size, the gene
budget should more or less balance. (2) How fast 1s the
evolution of VSG genes? Is there any evidence for a
mechanism that would increase the rate of evolution of
the 5 half of the gene beyond that set by the mutagenic
events that involve all genes?

To answer these questions, we have looked at our
VSG gene families in other stocks of 7. brucei and Try-
panosoma evansi (a trypanosome so closely related to 7.
brucei that it is now considered a variant of 7. brucei
rather than a separate species). An example of these ex-
periments is given in Figure 6, which shows that the 5
half of the 221 gene has been completely lost in all other
T. brucei strains, whereas the multitude of 3" halves of
this large family is more or less conserved. The other
extreme result is obtained with the small 121 family. In
this case, our blots show largely the same set of bands
for all strains tested. The 118 gene family represents an
intermediate case. Here, the complete gene, as seen by
the 5-half probe, is present in some strains and lost in
others. However, all strains contain segments of the 3
half family, and some of these are not detectably al-
tered. The restriction sites in and around the genes of
the 117 family are also rather conserved, as judged from
conservation of fragments.

We draw two tentative conclusions from these results:
(1) The process of gene duplication is still actively con-
tinuing in present-day trypanosomes. In a genome of
(presumably) constant size, this must be accompanied
by loss of genes, and this is probably what we have ob-
served. The multiple 121 genes that we cannot resolve
by melting may represent a case of a recent duplication,
as mentioned above. The fact that we find such large-
scale deletions with two of the four genes studied 1s sig-
nificant, because the strains used are very closely re-
lated, as indicated by a study (Borst et al. 1980a) of re-
striction-site polymorphisms in maxicircle DNA, the
trypanosome analog of mitochondrial DNA in other or-
ganisms. (2) These limited results do not provide evi-
dence for a mutagenic process that actively alters 5’
halves of genes, because we find extensive conservation
of restriction sites in and around the genes that are still

present in strains other than the 7. brucei 427 stock. This
implies that the time over which the VSG gene families
have evolved 1s much longer than the time that has
elapsed since the different strains studied here arose
from a common ancestor.

Obviously, these conclusions are tentative, and much
more work 1s required to define the process involved in
VSG gene evolution more precisely.

Complications and Caveats

This paper presents work 1n progress, and we have
stressed the clear results rather than the puzzling results
(also obtained); we have given the most plausible
interpretations available rather than exhaustive lists of
alternatives. It should be realized, however, that the
system 1s complex and that we have only scratched the
surface.

A brief hist of complications and caveats comprises
the following points: (1) There 1s no proof that the ELC
1S the (only) copy that 1s being transcribed into mRNA
for VSG. (2) There 1s no proof that the production of an
ELC 1s the only way for the trypanosome to activate a
VSG gene. (3) We have titrated the number of basic
copies of the 118 gene and find about one per haploid
genome. Our blots give no evidence, however, for two
alleles of the basic copy of the 117 or 118 gene, although
the results for the 121 and 221 genes could be 1n part
explained by heteroalleles. Analysis of the DNA com-
plement/trypanosome 1n conjunction with our rena-
turation studies (Borst et al. 1980b) indicate that try-
panosomes are diploid (unpubl.). If there are two basic
copies of the 118 gene, the apparent 1:1 stoichiometry
of basic copy and ELC in the 118 variant would imply
the presence of two identical ELCs. This 1s hard to be-
lieve, and in view of the unreliability of some of these
quantitations, the matter must be considered open. (4)
Whereas the results for the 117 and 118 genes are simple
and consistent, the results for 121 and 221 are more
complex, and more data will be required to see whether
121 and 221 can be brought under one heading with 117
and 118, as we have tentatively done here.

SUMMARY

African trypanosomes are able to escape the immu-
nodefense system of the host by altering their surface
coat. The coat is made up of a single protein, VSG, and
by the sequential expression of a large repertoire of rad-
ically different VSGs, the trypanosome keeps altering
its coat. We have studied whether or not gene re-
arrangements are involved in this process, and for this
purpose we have isolated recombinant plasmids con-
taining DNA complementary to the mRNAs for four
different VSGs expressed in the course of a chronic in-
fection of a rabbit with 7. brucei strain 427. Each plas-
mid only hybridizes to the mRNA from the homologous
antigenic variant, showing that the four VSG mRNAs
have no homology detectable by hybridization with the
segments cloned as ¢cDNA (more than 50% of each
mRNA). Moreover, this experiment shows that the ex-
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pression of VSG genes 1s not controlled at the transla-
tional level.

Each ¢cDNA plasmid hybridizes to a series of DNA
bands 1n restriction digests of nuclear DNA. The num-
ber of bands increases when the hybridization strin-
gency 1s relaxed; 5’-half gene probes see fewer bands
than 3-half gene probes, and detection of most of these
bands requires a lower stringency than with the 3’-half
probes. We conclude that VSG genes have evolved by
gene duplication/divergence and that the 5" half evolves
faster than the 3" half. This makes sense because the N
terminus of the protein forms the outer layer of the sur-
face coat and 1s seen by host antibodies, whereas the C
terminus 1s associated with the cell membrane.

Hybridization of these cDNA plasmids with restric-
tion digests of the DNAs from a series of Trypanosoma
strains that are closely related to 7. brucei strain 427
shows deletions of (probably) complete VSG genes in
two of the gene families. We interpret this as part of a
process of gene duplications and deletions that lead to a
continuing further evolution of the VSG repertoire at
constant genome size. Restriction sites in and around
the genes that are still present are largely conserved; this
argues against a process inducing localized hypermuta-
genesis of the 5" half of VSG genes.

Nuclear DNA digests of two of these variants give
identical fragment patterns when hybridized with a sin-
gle VSG ¢cDNA. with one exception: Each of the VSG
cDNAs sees extra DNA fragments in the homologous
nuclear DNA (i.e., the variant expressing that VSG)
that are absent in heterologous nuclear DNA. We con-
clude that the whole repertoire of VSG genes is present
as such in each variant but that activation of a gene
leads to the appearance of an additional copy of that
gene, the ELC. We present physical maps of the ELC
and the corresponding basic copy of one VSG gene.
These maps show that the sequences on both sides of the
ELC differ from those of the basic copy. The simplest
model to account for our data is that VSG gene activa-
tion 1s accompanied by the duplication of this gene and
Its transposition to an expression site. There is no evi-
dence as yet that the copy in the expression site (the
ELC) 1s the one transcribed.
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