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The kmeloplaslid flagellates, together 
\Villi lllcil SlSl¢l ~lOUp (d euglenoid>, repre- 
senl ]lie, earlies| extan* }incage of eukaryot- 
Ic c~rgani>ms conlainnlg milocbondria (]). 
\Xzilbu: file kinen~plaslids, there arc two 
maj<~l groups, ll~e p,~olly studied bodonids- 
crypn-4qids, which con>is, of both ttce-lix 
m~ and parasllit cells, and :be bcuel 
kilo\vii irypallc~>onlalids, w]licll are i4~hFalc 
parasiles (2). 

Perhaps }~ecause oi lhe anllqmty ot tilt. 
trypallosonlalid ]ineagt, these c~'ll> possess 
several unique geneilc lea 

~ral, Ihut there is disagreemenl on the na- 
ture ot the pr imary parasitic host. The "m- 
verlel~rale firsl" model f ie,  i l) slate,,, ibm 
lhe :nili>d parasitism wa.- ill *be gul o| pre- 
Camlhrian inverlelhlale>. Coev,>lution of 
parasite and bos* would have led lo a wide 
di>tril~ution of u-ypanc>omatids ii7 insect> 
and leeches. In lhi> l]leol'y, di~t'netic life 
cycles (H]lelnalln~ invcrlcbralc and \'erle- 
brate bosts'l evolved In:el as a result O{ the 
acquisition b\' son:t hen:ipterans and 
dipterans of l]:e abihly m feed ,in the blood 

lion ~f leeches and bemalophagou, 
arthropod> led 'it/~hc appearance ot a dige. 
hel le  life cycle. Monogenetic parasite- 
would represent cells that secondarily losl 
l i l t  ability to live in the vertebrate host. 

In /lnv will  tile "invertel~rale first" hy- 
p o l b c s l S ,  cons l l 'HCtS  Of a l l  unrooted t r e e  f rOl l l  

mimchondrial ribos,mlal RNA (rRNA) se- 
quences were arbitrarily rooted in the 
Crithidia branch (14). However, more re- 
cell* phylogenelic reconstruciions with 
nuclear rRNA sequences and with Euglena 
as an outgroup yielded a tree with an iden- 
tical lopolog': ,  but w i t h  a rooi  in the 
Tryl>anu.,,,ma branch (15-17). Ill this tree, 
the Bodonid-cryptobiid clade, represented 
by the tree-living Bodo caudams and the 
fish p,rasile Trypanoplasrna borreli, consti- 
tute> all early divergmg sister group to tile 
lrypan.somatids. In the trypanosomatid 
branch, digenetic or eanisms do not fi.~rm a 
scparale clade, suggesting either several i l l -  

lures (see aco/m]Tmvin~ Per- 
spective by Nilsen)--one o( 
which i> RNA eduine of mi- 
:<~chondrial transcripts. This 
RNA ediiing tunclion (3-7) 
cleale> o p e l 7  read ing  frames 
in "cryplogenes" }~y HISCI1 ion 
(or occasional delelion) o{ 
urichne (U) residues at a few 
specific sile<, within llae cod- 
lag region of an mRNA (5'- 
edilin~) or ai muhiple spe- 
cific sites throughout the 
mRNA (pan-ediling). Thv 
precise nmnbel and localion 
of kl'> lo Be inserted or de- 
}eled is determmed by l-asv- 
pairin~ will: A or O residue> 
in speciali:ed RNAs called 
eRRNA.,. The mechanism ot 
RNA ediling is still an un- 
seuled question, with trans- 
eslvrification or cleavaf, c-li- 
~ation repre>enling two al- 
lernatixt m,xqcl> (8, 9). The I 
process oCCklrs in ribonucle 
oprolein c,m~plexes contain- 
ing ,gRNAs, mRNAs, and 
]hi'ill kqnb.  

The evohltionary origin of 
RNA editmc m uypanosome 
milochondria and its rela- 
tionship to parasitism is of 
great interest. Was RNA ed- 
trine an adaptation :o lharasitism, or an an- 
ciem genelic trai: thal was >ucccssfidly 
used for dlis purpose? In both classical hv- 
polheses ifin the ongm of klnetoplasiids, 
flee-living bodoqike organisms were ances- 
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Evolution off RNA editing in kinetoplastid protozoa. The primary transcnpt (thick black line) is edited by the first 
three over',app~ng gRNAs. Eo~:ec sequences, open boxes. 'The cDNA for the partially edited transcript replaces the 
orng~nal cryplogene ~n one of the maxicircles by homologous crossing-over, ti the minicircle class encoding one Of 
tne tiqree 9RNAs qs IosL cells lacking tile substituteo cryptogene could not edit this transcript, and this may be lethal. 
Ceils with a subshtuteo cryptogene would have a selective advantage. 

'The authors are tn the Howard Hughes Medical last 
lute. Department of Biology. and Deparlmenl of Medi- 
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(bemmophagy) of vertebrates. This hy- 
pothesis predicts ,hat llle monogcnctic 
parasites of invenebrates would consiitute 
tile earliest diverging Branches of the phT- 
logenetic tree and dial thc digenetic para- 
sites would have evolved bum. The "vcrte 
Braic first" hypodlesis (12, 13) states ilia* 
parasilism first occurred in :he gut of verte- 
brates and then in their blood. The evolu- 

dependent losses of the digenetic life cycle, 
as suggested by Landweber and Gilbert 
(16), or scveral independent origins, as sug- 
gested by Fernandes and colleagues (15). 
The time of divergence of the trypanoso- 
tumid lmeage can be estimated fiom the 
rRNA data to be approximately the time oi 
appearance of vertebrates (15). In spite ot 
tile fact that the most deeply diverged ex- 
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rant branch is represented By the digenetic 
trypanosomes, hematophagous invertebrate 
vectors appeared much later (18), suggest- 
ing that di~eneity in the trypanosomes is a 
derived trait. However, since digeneity is a 
derived charactel in both classical models, 
it is clear that the molecular phylogenetic 
results have not resolved the origin of para- 
sitism in the kinetoplastids. 

A solution to this problem may lie in es- 
tablishing the evolulionary relationships 
between the trypanosomes of fish, amphib 
ians, and reptiles. If parasitism was first es- 
tablished in vertebrates, the parasites of 
vertebrates should form the most ancient 
lineages. On the other hand, if parasitism 
was first established in early invertebrates 
and the parasites were later inherited by in- 
sects fiom which digeneity arose, the 
leptemonad trypanosomatids that are found 
in invertebrates other than arthropods form 
the most ancient lineages. 

Did the origin of RNA editing precede 
the origin of parasitism? A comparison of 
the exlent of editing in homologous crypto- 
genes in different species yields the surpris- 
ing resuh that pan-editing is a primitive 
evolutionary feature, and moderate or 5'- 
editing is a derived feature in the trypano- 
somatid lineage (16, 17). Furthermore, our 
recent discovery of pan-editing in the para- 
sitic cryptobiid T. borreli (•9) pushes pan- 
editing and editing itself back in time to an 
ancestor of the entire kinetoplastid order. 
This would suggest that RNA edi:in~ may 
have preceded the appearance of an obli- 
gate parasitic life cx,,cle. An ancient origin 
of pan-ediling in the kinetoplastid lineage 
makes a primordial origin of a U- insertion 
or -deletion type of editing more plausible. 
However, it is still impossible to rule out a 
later origin (7, 20) of U-insertion or -dele- 
tion editing within the early eukaryotic an- 
cestors of kinetoplast ids. 

How did RNA editing evolve? Several 
times during the evolution of the kineto- 
plastids, pan-edited cryptogenes were sub- 
stiluted with less edited counterparts (17, 
21). Because editing proceeds 3' to 5' with- 
in an editing domain (22-24), the 5'-edited 
genes resemble the structures of partially 
edited mRNAs transcribed from a pan-edit- 
ed cryptogene. The cryptogene substitu- 
tions could have revolved complementary 
DNAs (cDNAs) derived from reverse tran- 
scription of partially edited mRNAs (7, 16, 
17, 25) (see figure), a mechanism that re- 
sembles that previously proposed for intron 
removal in yeast by RNA-mediated homol- 
ogous recombination (26, 27). The driving 
force for selection of such a retroposed copy 
could be the loss of one or more gRNA 
genes required for editing of the 3' region. 
Most gRNAs are encoded in catenated 
minicircle DNA molecules, which consist 
of muhiple sequence classes \'arying in rela- 

tire abundance. The loss of an entire class 
of lm~'-copy number minicircle sequences 
(24) by missegregation al division of the ki- 
netoplast (28) or by transkinetoplastidy 
(29) could cause the loss of a specific 
gRNA family. Cells with a retroposed, par- 
tially edi~ted RNA would survive the loss of 
a specific gRNA gene family because the 
U's added by editing would already be 
genomicalh encoded. This phenomenon 
appears, m the case of the COIII gene of 
Blastocrithidia culicis, to have resulted in the 
complete replacement of an entire pan-ed- 
ited gene (17), raising the possibility that 
all mitochondrial genes in the ancestral 
kinetoplastids were represented by (G + 
A)-rich skeletons, with the uridmes being 
encoded by complementary A or G residues 
in multiple overlapping gRNA molecules. 

Loss of minicircle classes occurs both in 
culture and in nature. A laboratory strain 
of Leishmania tarentolae contains 31 differ- 
ent gRNAs, 1'7 of which are encoded in 
minicircles (24). In constrast, a recently 
isolated wild strain of L. tarentolae contains 
37 additional minicircle-encoded gRNAs, 
which mediate the editing of at least five 
additional cryptogenes (30), suggesting that 
a loss of minicircle sequence classes for ap- 
parently nonessential genes can occur dur- 
ing prolonged cuhivation. A similar phe- 
nomenon occurs in nature when cyclical 
transmission is disrupted, as in the case of 
Trypanosoma equiperdum, a variant of T. 
brucei lransmitted venereally, or in Tryp- 
anosoma evansi, a variant that is transmitted 
by the tabanid fly but does not propagate in 
this host. In these species the minicircle 
DNA has lost all sequence diversity and 
consists of a single sequence class (31, 32), 
and the maxicircle DNA either has large 
deletions (T. equiperdum) or is absent (T. 
evansi) (33, 34). 

Editing appears to be such a labile ge- 
netic trait that it is indeed surprising that it 
still exists at all. This suggests that ediling 
may have a selective advantage. In T. 
brucei, which undergoes reversible repres- 
sion of mitochondrial synthetic activity 
during its digenetic life cycle, the editing of 
several genes is developmentally regulated 
(6), thereby possibly affect ing mitochondri- 
al translation by controlling the abundance 
of functional mRNAs. The extremely large 
minicircle and gRNA repertoire in this or- 
ganism (over 900 different gRNAs) (35) 
may have evolved to provide a gRNA re- 
dundancy, such that the toss of a particular 
minicircle sequence class encoding a spe- 
cific subset ofgRNAs would not disrupt the 
editing cascade. In monogenetic kineto- 
plaslids, the requirements for regulation of 
specific genes could be less stringent or ab- 
sent, as a result of a simpler life cycle. 

RNA editing seems to be an early evolu- 
tionary invention that carne on the scene 
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before the appearance of parasitism. Editing 
may have been inherited from the RNA 
world or developed within the early mito- 
chondria in response to unknown regula- 
tory demands. In the course of evolution, 
editing was partially or completely elimi- 
nated in many lineages. We hypothesize 
that i1 turned out to be useful for the devel- 
opment of parasitic adaptations, as exem- 
plified by the developmental regulation of 
editing in T. brucei. Further understanding 
of the maintenance of RNA editing during 
the evolution of the kinetoplastid protozoa 
requires an understanding of its actual role 
m the life cycle, a problem for the future. 

References and Notes 

1 M Sogin, J. Gunderson, H. Elwood, R. Alonso, D. 
Peattie, Science 243, 75 (1989). 

2 K. Wckerman, in Biology of the Kinetoplastida, W. 
H R Lumsden and D. A. Evans, Eds. (Academic 
Press, New York, 1976), pp. 1-34. 

3. R Benne eta/., Ce1146, 819 (1986). 
.4 R. Benne, Mol. Biol. Rep. 16, 217 (1992). 
5. S L. Hajduk, M. E. Harris, V. W. Pollard, FASEBJ. 

7, 54 (1993). 
6 K Stuart, in RNA Editing--The Alteration of Pro- 

tein Coding Sequences of RNA, R. Benne, Ed. 
(Horwood, New York, 1993), pp. 25-52. 

7. L Simpson, D. A. Maslov, B. Blum, in (6), pp. 53- 
85. 

8. T. R. Cech, Ce1164, 667 (1991). 
9. B. Blum, N R. Sturm, A. M. Simpson, L. Simpson, 

ibid 65,543 (1991). 
10. L Leger, Cornptes Rendus de Seances de la 

Societe de Biologie et de Ses Filiales 56. 615 
(1904). 

11 J R Baker, Parasitic Protozoa (Hutchinson, Lon- 
aon 1973). 

12. E. A Minchin, Q. J. MJcrose Sci. 52, 159 (1908). 
13 F G. Wallace, Exp. Parasitol. 18, 124 (1966). 
14 J. Lake et al., Proc. Natl. Acad. Sci. U.S.A. 85, 

4779 (1988). 
15. A. P Fernandes etaL, ibid. 99, 11608 (1993). 
16. L. F. Landweber and W. Gilbert, ibid. 91, 918 

(1994). 
17. D. A Maslov, H. A. Avila, J. A. Lake, L. Simpson, 

Nature 365,345 (1994). 
18 F Lambrecht, Proc. Am. Philos. Soc. 124, 367 

(1980). 
19 D.A. Maslov and L. Simpson, unpublished data. 
20. P. S Covello and M. W. Gray, Trends Genet. 9, 

265 (1993). 
21. L F Landweber and W. Gilbert, Nature 363, 179 

(1993). 
22 J. Abraham, J. Feagin, K Stuart, Cell 55, 267 

(1988). 
23. N. R. Sturm and L. Simpson, ibid. 51,871 (1990). 
24. D. A Maslov and L. Simpson, ibid. 70, 459 

(1992). 
25. L F. Landweber, BioSystems28, 41 (1992). 
26. G. R. Fink, Ce1149, 5 (1987). 
27 L. D. Derr and J. Strathern, Nature 361, 170 

(1993). 
28. P Borst, Trends. Genet. 7, 139 (1991). 
29. S. T. Lee etal., Mol. Ceil. Biol. 14, 587 (1994). 
30. O. Thiemann, D. A. Maslov, L. Simpson, unpub- 

* lished data. 
31. Z.-R Lun, R. Brun, W. Gibson, Mol. Biochem. 

ParasitoL 50, 189 (1992). 
32. H.-H. Shu and K. Stuart, Nucleic Acids Res. 21, 

2951 (1993). 
33. A. Frasch et al., Biochim. Biophys. Acta 507, 397 

(1980). 
34 P. Borst, F. Fase-Fowler, W. Gibson, Mol. Bio- 

chem. Parasitol. 23, 31 (1987). 
35. R. A Corell et al., Nucleic Acids Res. 21, 4313 

(1993). 
36. We thank O. Thiemann for assistance with the il- 

lustration. 

1871 


