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Genomic Rearrangements in Trypanosomatids: an
Alternative to the “One Gene” Evolutionary Hypotheses?

JC Dujardin/*, J Henriksson*, K Victoir, S Brisse**, D Gamboa/***,
J Arevalo***, D Le Ray

“Prins Leopold” Instituut voor Tropische Geneeskunde, Protozoology 155 Nationalestraat, B-2000 Antwerpen,

Belgium *Department of Medical Genetics, Uppsala University, Biomedical Center, Box 589, S-751 23 Uppsala,

Sweden **Eijkman-Winkler Institute, Utrecht University, Academic Hospital Utrecht, Heidelberglaan 100, 3584

CX Utrecht, The Netherlands ***Instituto de Medicina Tropical “Alexander von Humboldt”, Departamento de
Ciencias Fisiologicas, Universidad Peruana Cayetano Heredia, Lima, Peru

Most molecular trees of trypanosomatids are based on point mutations within DNA sequences. In
contrast, there are very few evolutionary studies considering DNA (re) arrangement as genetic charac-
ters. Waiting for the completion of the various parasite genome projects, first information may already
be obtained from chromosome size-polymorphism, using the appropriate algorithms for data process-
ing. Three illustrative models are presented here. First, the caseislfimania (Viannia) braziliengls
(V.) peruviands described. Thanks to a fast evolution rate (due essentially to amplification/deletion of
tandemly repeated genes), molecular karyotyping seems particularly appropriate for studying recent
evolutionary divergence, including eco-geographical diversification. Secondly, karyotype evolution
is considered at the level of whole gehashmaniaDespite the fast chromosome evolution rate, there
is qualitative congruence with MLEE- and RAPD-based evolutionary hypotheses. Significant differ-
ences may be observed between major lineages, likely corresponding to major and less frequent rear-
rangements (fusion/fission, translocation). Thirdly, comparison is mad&wyplanosoma cruzAgain
congruence is observed with other hypotheses and major lineages are delineated by significant chro-
mosome rearrangements. The level of karyotype polymorphism within that “species” is similar to the
one observed in “genud’eishmaniaThe relativity of the species concept among these two groups of
parasites is discussed.

Key words:Leishmania - Trypanosoma cruzthromosome evolution

The DNA sequence and its variation — esserziation; Wiley 1981) should be used and several
tially by point mutations — underlie the disciplinegenes should be sequenced to confirm orthology
of molecular evolution. Methods of analysis andand discard paralogous (homology resulting from
evolutionary models are robust and, according tgene duplication) and xenologous (result of gene
the grade of conservation of the gene or intergenitansfer) genes (Larson 1994, Maclintyre 1994). An
region considered, studies at different evolutionether advantage of multiple gene analysis is the
ary scales can be performed. Nevertheless, the ambssibility of exploring different metabolic path-
equacy between “one gene” trees, and “speciew/ays and thus getting a more global insight on
trees might be questioned. Indeed, onlgvolution. This concept has been extensively —
orthologous genes (homology resulting from spealbeit indirectly — explored by multi-locus enzyme

Electrophoresis (MLEE, Bafiuls et #999).
However, according to Danchin (1998), genomes
are not merely collections of genes, and the map of

the cell would be in the chromosome (Danchin &
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protozoa, despite their primordial phylogenetic posome-specific probes are available for identifying
sition between prokaryotes and eukaryotes. homologous chromosomes. This allowed to
MECHANISMS OF GENE REARRANGEMENT AND  Visualise chromosome-size differences, the extent
APPROACHES FOR THEIR ANALYSIS of which varies according to the underlying mecha-
Afirst, direct approach to gene rearrangemen isms, their frequency and possibly their functional

can be c,onsidered in which the organisation &onseqqences. As such, three; distinct molecul_ar

specific genes is cc;mpared in different taxa. Thi echanlgms have been descnbe:d S0 fay as belng
concept has been applied to the study of é lar Fesponsmle fqr chromosome. size-variation in
panosomatids: (1) expansion/contraction of

ggﬂggn!ﬁﬂegfnnoscgnrl?'grmgegluch:;Soi tgallgsg_grtetrelomeric repeats are responsible for small size-
9 infryp ucet, 1. goien variations (up to 35 kb) and they are reported to

vivax, T. cruziandLeishmania donovariBringaud h ; ;

Co appen at a very high frequency, reaching an am-
et al. 1998). Gene organisation was shown to itude of 10 bp/division ifT. brucei(Bernards et
identical in the three Salivarian trypanosomes, blé .1983). Functional significance of these phenom-

in T. cruziandLeishmaniainsertion of additional ena is unknown, but in African trypanosomes, te-
genes was observed. Phylogenetic reconstruction exchangie, does play a role in VSG éene
based on glucose transporters was in agreemeé%itching (Rudenko et al. 1996); (2) amplification-

\mth thﬁ monor;hét/ilynog’rgei/ril\tlﬁ)r():clraarrgo;sr?ma?kr:dr deletions among tandemly repeated genes cause
Seliveari ynstrepar? 0 m : Ai thor xemol e larger size-differences (up to 400 kb) as illustrated
ailvarian trypanosomes. Another exampleé COfy, \aishmanigVictoir et al. 1995, Inga et al. 1998,

cerns thex- andp-tubulin genes which are linked Kebede et al. 1999) afdcruzi(Wagner & So 1990,

and organised in alternated tandem repeafs in ;
. . Campetellaetal. 1992, Aslund et al. 1994, Henriksson
cruzi(Maingon et al. 1988, Cano etal. 1995) and et al. 1995). As for telomeric sequences, size-varia-

brucei(Tomashow et al. 1983), while they are "ion is progressive, but its frequency is lower. In

linked in Leishmaniaand Sauroleishmania ; :
L ) Leishmaniawe found rearrangement among the
(Dujardin 1995, Wincker et al. 1996, Britto et al. 1998)ng3 gene locus (leading to chromosome size-poly-

Furthermore, within.eishmaniathree types -, nicmy i a strain cultivated over four years
tubulin gene organisation have been encountere’églictoir et al. 1995), while irSacharomyces
W'tg ggn'e c’\cl)plesv\(/)nlg) 3 ghromgot:nes (.8/29' 2 erevisiaghe frequency of amplification of IDNA
lillr\INL nlg 86"2\'1 cr)1rd 352uing(e)rl1 d V:/S rlrgan'z orn was evaluated at about 5%3 @opies/generation
and, s, a or'd subge u%Szostak&Wu 1980). Considering the importance

Leishmaniaor OWL; Wincker etal. 1996, BIittO €t ¢ i, o rranged genes, functional consequences
al. 1998), and (ii) 4 chromosomes (1, 8, 21, and 32 ;i e expected through (i) gene dosage
subgenu¥iannia, or NWV; Dujardin 1995, Britto

S (Ashburner 1989), (ii) deletion of unique inter-
et al. 1998). As globins in mammals (Dover et al
1982, Jeffreys 1982), it is likely that tubulin gene spersed genes (Bourke et al. 1996), and (iif) effect

arose from a single copy gene that duplicated, n intergenic regulatory sequences (Ramamoorthy

verged towardsi- andB-tubulin genes, and then &t al. 1995); (3) fusion/fission events are respon-

began to spread differentially among the genorrjgﬁgjle for the most significant size-differences. For

of the different trvpanosomatids. The tracking o stance inLeishmania there is a difference of
. ! yp 1dS. The NG 0L 5t 1,200 kb between the 8/29 fused chromosome
this spread among key trypanosomatid taxa wou

NWL and the individual chromosome 8 of OWL

However, as for DNA sequence analysis, “one ge

. . . 98). In contrast to previous mechanisms, fusion/
rearrangement” trees might also be questioned, e;%b
0

sion is not characterised by stepwise size-varia-
n. Functional consequences are unknown, but
nsidering their low frequency (three in the whole

rearrangement of different genes should be stu
ied. This should be feasible in a near future throu
ﬁgmglité%%g;é?ﬁgd'ﬁerem projects of parasite gegenusLeishmania Britto et aI_. 1998), they most

A second indiréct a h g_robably reflect major evolutionary events.

, pproach to gene rearrang

ment is provided by molecular karyotyping and® NEW METHOD FOR THE ANALYSIS OF
analysis of chromosome-size variability. This apSHROMOSOME-SIZE VARIATION: aCSDI
proach infers that chromosome size-polymorphism Interpretation of the extensive chromosome size-
is reflecting gene rearrangements and it allows feolymorphism among natural populations of para-
explore the whole nuclear genome. Within genusites remains a main problem. Classically, process-
Leishmaniaand withinT. cruzj there is conserva- ing of molecular data and building of trees are based
tion of most linkage groups (Henriksson et al. 199%n disjunctive encoding of all the character states
Wincker et al. 1996, Britto et al. 1998), and chromo¢here the size of the different homologues), followed
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by phenetic or cladistic analyses (Gower 1984). Bgnism. Our sampling key was the bio-geographical
doing so, any chromosome size-difference has thmits (BGUs) described in Peru on the basis of the
same weight in the analysis. However, as a consendemism of butterfly species (Lamas 1982). Our
guence of the different mechanisms describedorking hypothesis was that eco-geographical fac-
above, the evolutionary importance of genomic retors responsible for structuring of butterfly spe-
arrangements seems to vary proportionally to thgies were also responsible for structuring among
extent of chromosome-size differences. The onlgand fly vectors and their parasites. Our assump-
theoretical exception is size-conservative rearrangien was supported by the known relationships
ments such as inversions, which — to our knowlexisting between sand fly and environment
edge — are not described so far in trypanosomatid€ameron & Davies 1993). Five chromosomes (out
We may thus assume that phenetic analysis of chrof 35 in subgenusgiannia Britto et al. 1998) were
mosome size-polymorphism should be based bestlected for their significant size-polymorphism and,
on the weighing of size-difference, rather than oanalysed using the aCSDI method (Dujardin et al.
the disjunctive encoding. Therefore, we developeti995). AllL. (V.) braziliensidgsolates grouped to-
the measure of the absolute chromosome size dether in a small cluster, at distance fram(V.)
ference index (aCSDI; Dujardin et al. 1995), in whiclperuviana(Fig. 1). The latter displayed a much
the genomic distance between two organisms lEgher chromosome size-polymorphism and its
simply the sum of the absolute size-differencepopulations were structured according to their BGU
between their homologous chromosomes. The foof origin along a north-south cline. Northérn(\V.)
mulation fits with the diploid state assumed for mosperuvianaisolates presented a higher karyotype
chromosomes of trypanosomatids (Henriksson similarity with L. (V.) braziliensighan with south-
al. 1990, Bogliolo et al. 1996, Britto et al. 1998), anarnL. (V.) peruvianalnterestingly, the BGU where
is very close to the ‘absolute genetic distance’ ahe northerrL. (V.) peruvianaisolates were col-
Gregorius (1984), which is considered as havintgcted is close to the pass of Porculla, the only
one of the best mathematical properties (Katz 1988)atural pass in the Peruvian Andes between the
After calculation of aCSDI, agglomeration may beAmazonian forest and the Pacific slopes. Consid-
performed by any algorithm like UPGMA (Snheathering a divergence time &f (V.) peruvianandL.
& Sokal 1973) or Fitch-Margoliash (FelsensteinV.) braziliensisinferior to 1.5 Myrs (see above),
1984). This leads to significantly structured denboth species likely diverged after uplifting of the
drograms in contrast to the ones built-up from disAndes (achieved 3 Myrs ago, Van der Hammen
junctively encoded data (Dujardin et al. 1998). Wd 982). Accordingly, we think that this dynamic pic-
present hereafter the application of the aCSQilre of karyotype variation reflects the evolution
method to three evolutionary models. of L. (V.) peruviandromL. (V.) braziliensisin the
INERA-SPECIFIC EVOLUTION course of its colonisation of the Pacific slopes of
] o the Andes, through the Porculla pass. Through
. The first application _of aCSD.I concerns ?‘”aWNorth-South migration and isolatiom, (V.)
sis at low level of evolutionary divergence, in parperyvianawould have increased its genetic and
ticular at inter- and intra-specific levels. (V.)  genomic differentiation during its journey through
braziliensis one of the most aggressive species ghe various Pacific BGUs and their respective sand
Latin America, is endemic in the whole Amazoniary species (Davies et al. 1993, Villaseca et al. 1993,
basin (Guerra 1988).. (V.) peruvianas a rather Caceres et al. submitted). This trend is corrobo-
benign species, endemic only on the Pacific slop@g§ied by an important eco-epidemiological argu-
of the Peruvian Andes and in some inter-Andeagent: evolution from sylvatic (reservoir: rodents
valleys, most'ly in xerophytic e'nV|ronments .(Gu.err%md edentates fd (V.) braziliensisGuerra 1988)
1988). Despite these extensive phenotypic diffef, gomestic transmission (reservoir: doglfofV.)
ences, the two parasites were shown to differ byeryyiang Llanos-Cuentas et al. 1999). Further-
only one out of 16 enzymatic loci (Bafiuls et alygre, this trend was supported recently by genomic
2000), an indication of recent divergence (less thagyidences: a set df. (V.) braziliensisspecific
1.5 Myrs, the estimated dlvergenqe time bemeeélenes (gp63, Victoir et @998) was found to lack in
L. (L.) infantumandL. (L.) donovanitwo species | (v,) peruviana Considering the phylogenetic
differing by two enzymatic loci; Moreno et al. 1986).nroximity of both species (Chouicha et al. 1997),
This even led some authors to question the validieletion inL. (V.) peruvianais easier to explain
ity of the distinction of the two species (Chouichanan acquisition by sequence divergenck.ifV.)
etal. 1997). __braziliensis.
In order to better understand the evolutionary gyrther studies established that the above-de-
relationships between both parasites, an allopatrigribed chromosome size-polymorphism was in-
sampling was performed in their territory of endegeed associated with significant rearrangements (at
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L. (V.) brasiliensis

L. (V.) peruviana

100 kb

Fig. 1: size-polymorphism of chromosomes 2, 10, 11, 27 and 134Sg in Peheisgiimania (V.) braziliensiandL. (V.)
peruvianaisolates. Agglomeration by the Fitch-Margoliash method after aCSDI calculation. Porculla: natural pass
between forest and Pacific slopes of the Andes (thick line)

least in four out five chromosomes studied) among We calculated aCSDI between each species, for
important tandemly repeated genes. Firsthe 31 “conserved ” chromosomes. The ensuing
halving of gp63 gene copy humber and deletion afendrogram (Fig. 2) clearly showed a structuring
a specific isogene were found to discriminhte into three clusters, corresponding to the three ma-
(V.) peruviandrom L. (V.) braziliensigVictoir et  jor taxonomical categories described by MLEE
al. 1995). Secondly, decrease in copy number ahalysis within genuseishmaniaOWL, NWL and
rDNA (Inga et al. 1998), mini-exon (Kebede et aINWV. Interestingly, the genomic distance separat-
1999) and cystein proteinase b (Polet 1999) wasg NWL from the two other clusters was quite
shown to be involved in the North-South chromohigh (about 1,400 kb). After analysis of individual
some-size decrease observed within(V.) chromosomes, it appeared that this distance corre-
peruviana sponds essentially to a significantly lower size for
Our results thus clearly advocate at inter- antil NWL chromosomes. Such a result should be
infra-specific levels that chromosome size-polymoreonfirmed by the analysis of additional stocks but,
phism (i) is reflecting gene rearrangements with Bke in theL. (V.) braziliensis-L. (V.) peruviana
potential adaptive significance, (ii) allows a sensimodel described above, it obviously raises the ques-
tive monitoring of genetic variation (if weighed bytion about the nature of the sequences implicated
aCSDI), and (iii) may be used for inferring novelin these size-differences. Considering the higher
evolutionary hypotheses. divergence time between NWL and OWL/NWV
EVOLUTION WITHIN THE GENUS LEISHMANIA than betweerL. (V.) braziliensisand L. (V.)
o ) peruviang a larger number of significant gene re-
In the L. (V.) braziliensis-L. (V.) peruviana grrangements might be expected. Accordingly, a
model, species divergence is thought to be r‘30‘3@{)ecific attention should be paid on the gene con-
and consequences of gene rearrangements are giilit of these 11 chromosomes, as it might give fur-
visible. Next question was to evaluate if this mighiher clues to the functional differences existing
still be valid at higher evolutionary level, or if the petween the three major groups.efshmaniaThis
signal would become buried in the evolutionaryjjystrates the feedback contribution of chromosome
noise. Therefore, we processed the data from th&o|utionary studies for comparative genomics.
karyotypes of majareishmanisspecies published  Thys, there is a good qualitative agreement
by Wincker et al(1996) and Britto et al. (1998), and petween major evolutionary groups as defined by
we calculated the size of each chromosome. It hgghromosome size-polymorphism and sequence
been shown that, out of 36 chromosomes, 31 “n'ﬁolymorphism (as inferred by MLEE analysis).
age groups were preserved across the ge”USgW@Qantitatively, however, relative distances between
five were the object of fusion/fission events (Brittone three groups are not similar. Indeed, chromo-
etal. 1998). some size analysis positioned NWL as the most
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NWV genus level. Potential outgroups such as

Sauroleishmania, Endotrypanuor Crithidia
NWL should now be added, in order to better understand
the evolutionary relationships within gerieish-
manig among others, this might allow to further
document the Paleotropical (Kerr 2000) or Neotro-
pical (Noyes 1998) origin of this genus. Further work
is also required to understand the significance of
the large genomic differences existing between
major groups and to test their eventual adaptive
value.

EVOLUTION WITHIN T. CRUZI

OWL In the next step, our approach was applied to
another organisni. cruzi.This species has been
extensively studied by MLEE, RAPD, and natural
populations were found to be heterogeneous and

Fig. 2: size-polymorphism of 31 conserved chromosomegjgh|y structured (Brisse et al. 2000). Two major

in 'genusLelshmanla(from data of Britto et al. 1993nd lineages were described, both being very hetero-

Wincker et al. 1996) Agglomeration by the Fitch- - - ' .

Margoliash method after aCSDI calculation. NWV, subgegeneous. First lineage (clade 1) was relatively less

nus Viannia (g, L. (V.) guyanensis pa, L. (V.) panamensis heterogeneous, and the second one was further

S\vlo'-rid(\é-abbfﬂfgissﬁrg;i';(é\n/;)Lpe(fLU‘)/iz”m?i Ol:ll\é\{‘ll_s’ian?xv subdivided into five smaller lineages (designated

L. (L) me?(icanaa; OWL, Old World Leishmania(mj, L. clades 2a to 2e). Our a.‘lm was thus FO evaluate

(L.) major, tr, L. (L.)tropica ae,L. (L.) aethiopicai, L. Whether chromosome size-polymorphism would

(L.) infantun); numbers correspond to LEM codes of also reflect this structuring. Therefore, seven chro-

Montpellier. mosomes recognised by specific probes were

analysed in representative stocks of th&'soruzi
major clades, and data were processed by aCSDI
remote group within genulseishmania while (Henriksson et al. in preparation). On the Fitch-

MLEE analysis situated NWL and OWL close toMargoliash dendrogram (Fig. 3), all isolates (with-

each other (Thomaz-Soccol et al. 1993). This reput exception) clustered according to their clade of

mote position of NWL was reinforced by countingorigin. Furthermore, like with MLEE/RAPD, clade 1

the minimal number of fusion/fission events amongvas more homogeneous and, consistently with

the five chromosomes not considered by aCSORAPD, quite distant from the other ones. Chromo-
analysis. While one event only was separatingome discrimination of the six clades lineages might

NWV and OWL, two and three events did separateave important biological or medical significance.

NWL from OWL and NWYV respectively (Britto et

al. 1998). Two factors, inconstant mutation rates

and/or selection might explain this relative incon-

gruence. The Fitch-Margoliash dendrograms here
presented do not consider a molecular clock hy-
pothesis, but even when considering it (Kitch op-
tion in Phylip package), the remote position of NWL

remained. Unfortunately, the test for molecular clock

hypothesis as described by Felsenstein (1984)

could not be performed because distances are not

independent (on a same gel, chromosome sizes are
evaluated from the same molecular marker). Selec-
tion was previously shown to play an important
role in the modulation of chromosome size-varia-
tion in thel. (V.) braziliensis-L. (V.) peruviana
model (Dujardin et al. 1998), and this hypothesis
should be further explored at genus level by analy-g. 3: size-polymorphism of seven chromosomes (recog-
sis of chromosome size-variants genetic contentrc"sed by probes 1F8, cruzipain, FFAg6, Tc2, CA7.12,

. A7.32 and P19; Henriksson et 4P95) in Trypanosoma

. Our results thUS.S.hOW that, desplte _an eXter(!l"uzi. Agglomeration by the Fitch-Margoliash method af-
sive karyotype plasticity, chromosome size analyter acSDI calculation. Numbering of clades after Brisse et

sis does allow long range evolutionary studies af. (2000)

1909tr 1660ae 1317

500 kb

2a

650 kb



532 Genomic Rearrangements in Trypanosomatids * JC Dujardin et al.

Indeed, significant differences in clinically relevantal. 1990), species definition is basically operational
biological parameters have been reported betweenly. Our results clearly show that chromosome
isolates belonging to some of these cladeanalysis contributes significantly to the definition
(Montamat et al. 1996, Laurent et al. 1997, Revollof the major evolutionary groups among
etal. 1998, De Lana et al. 1998). Identification of th&rypanosomatids, and thus could contribute with
genes involved in respective chromosome reaother genetic characters for re-definition of corre-
rangements will help exploring the molecular basesponding taxonomic units.
of these phenotypic differences. CONCLUSIONS AND PROSPECTS

Analysis of individual chromosomes showed a ] )
particular size-distribution. Indeed, in most chro-  Tfypanosomatids are characterised by exten-
mosomes, a bi-modal distribution was observediVe genomic plasticity. With the appropriate algo-
with important size-differences between the respe&thm (2CSDI), itis possible to rely on chromosome
tive modes (Fig. 4). The stepwise size-variation oliZ€-polymorphism to infer hypotheses at different
served within each mode is suggestive of amplifi¢volutionary levels. Qualitative congruence with
cation/deletion among tandemly repeated genedyPotheses built-up from DNA sequence polymor-
as shown fol_eishmania In contrast, the transi- Phism (as inferred here from MLEE and RAPD data)
tion from one mode to the other was not stepwis&€0ntributed to validate our approach. At low evo-
and should correspond to discrete but less frequeHtionary level chromosome size-polymorphism in-
evolutionary events, like translocation or deletiory0lves rearrangement of key genes, with important
of large chromosome arms. The occurrence of su@§laptive value. The same is occurring likely at higher
mechanisms was supported by the linkage of m@yoluﬂonary levels, where drama.tlc chromospme
markers (CA7.12 and 7.32) on a same chromosorfiZe-variations are observed. This should stimu-

in clade 1, but not in the other clades (Henrikssolgte interaction between evolutionary studies like
etal. 1995). here presented and parasite genome sequencing

Chromosome analysis @t cruziallowed to projects. On one hand, identification of major evo-
highlight the relativity of taxonomical subdivisionsutionary groups should call for peculiar attention
in trypanosomatids. Indeed, Tncruzj the maximal {0 the genic content of chromosomes responsible
aCSDI value measured (for seven chromosomef9l major structuring, and to their potential rela-
between the two major lineages was 3,500 kb (aveq,onsmp W|_th b|_olog|cal (including me@cal) d|.ffer.—
age of 500 kb/chromosome). In the whole genu@NCes. This might be one of the major application
Leishmaniathe maximal aCSDI value (for 31 chro-o_f evolghonary studies. On the other hand, defini-
mosomes) was of 4,750 kb (average of 150 kb/chr§on of linkage groups should be used for perform-
mosome). This result can be accounted for by i direct gene rearrangement studies. This is im-
ther a higher mutation rate or a higher frequency grortant for further \{alldatlng |nd|re_ct studies based
large rearrangements in the spediesuzi thanin  On chromosome size-polymorphism, but also for
genusLeishmania However, when other genetic inferring hypotheses at higher evolutionary levels,
characters were considered, like RAPD and MLERVhere chromosome size might not be applicable
the same picture was encountered (Bafiuls et &ymore. Itis too early to propose —like in prokary-
1999). It appears thus more likely that species defpt€S — that the map of trypanosomatid cells is in
nition should be questioned in both cases. In tHEeir chromosomal organisation. However, our re-
absence of strict applicability of the sexual exchang@ilts clearly demonstrate that chromosomes to-
criterion (Mayr 1969) to trypanosomatids becausg€ther with gene sequences offer useful maps for
of their essentially clonal structure (Tibayrenc efinding our way in trypanosomatids’ evolution.

8
1F8
6
4
T 1 1T 1 T T 71
600 700 800 900 1000 1100

Fig. 4: bi-modal size distribution of 1F8 chromosome in a sampleygfanosoma cruzstocks representing the six major
clades. Size is expressed in kb.
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