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Summary. Members of the Trypanosomatidae, which include the African trypanosomes, the American trypanosomes 
and the leishmanias, cause disease in vast proportions in man and his livestock and are a major detrimental factor 
to the social and economic well-being of the third world. Current research using the techniques of molecular biology 
has revealed two unusual types of mRNA processing in these protozoans; these are the addition of a shared leader 
sequence to the 5' ends of nuclear mRNAs by a mechanism of trans splicing, and the insertion and deletion of specific 
uridine residues in mitochondrial transcripts by RNA editing. The presence of these two mRNA processing pathways 
in the Trypanosomatidae has profound consequences for the organization and expression of their genetic informa- 
tion. 
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The Trypanosomatidae are a family of protozoan para- 
sites which have long fascinated biologists because of 
their unique cellular properties and their ability to sur- 
vive and proliferate in antagonistic host environments. 
Members of this family, which branched very early from 
the main eukaryotic lineage, have adapted to hosts as 
divergent as amphibians, birds, fish, insects, mammals, 
and even plants. Many are digenetic parasites of both 
invertebrates and vertebrates and have complex life cy- 
cles exhibiting both extracellular and intracellular forms. 
In recent years the Trypanosomatidae have come under 
the scrutiny of molecular biologists, who, in their at- 
tempts to better understand these parasites, have re- 
vealed startling facts about the organization and expres- 
sion of their genetic information. This review will focus 
on an aspect of  trypanosomatid gene expression that has 
presented new challenges to the basic dogma of how 
eukaryotic genes are transcribed and expressed - that of 
mRNA processing. 
The majority of eukaryotic mRNAs undergo multiple 
rounds of modification prior to their transport to the 
cytoplasm and subsequent translation. The processing 
events generally include 5' capping, methylation of both 
5' and internal nucleotides, removal of intervening se- 
quences and addition of poly(A) tails. In the trypanoso- 
matids, two other types of mRNA modification have 
now been identified; these are the addition of a 5' leader 
sequence to nuclear mRNAs by trans splicing 2 and the 
insertion of internal U residues in mitochondrial mRNAs 
by a process that has been termed 'RNA editing' 71. Al- 
though much has been done to characterize and under- 
stand these processes, both remain puzzling as to their 
origin and function in the cell. 

Trans splicing of nuclear mRNAs 

The experimental studies which eventually led to the dis- 
covery of trans splicing addressed the mechanism of anti- 
genic variation in the African trypanosome, T. brucei. 
Several investigators observed that the mRNAs encoding 
variant surface glycoproteins (VSGs) began with a com- 
mon 5' leader sequence that is not present in genomic 
clones of the genes 9, 67. The leader sequence, which has 
been variously termed the 'spliced leader' or 'mini-exon' 
because it is not encoded contiguously with structural 
gene sequences, has 39 nucleotides and contains a highly 
modified cap structure 24, 51. Although early speculations 
held that this 5' leader was specific to VSG gene expres- 
sion, it was subsequently shown that every nuclear 
mRNA in T. brucei begins with this sequence 18,48. 
Southern analyses indicate that the mRNA spliced leader 
(SL) is encoded within a 1.4 kb unit which is present 
in approximately 200 copies per trypanosome ge- 
nome 17, 36, 44. These SL genes are not scattered through- 
out the genome in a manner which would suggest that 
each is associated with one or a few of the trypanosome 
protein coding genes; rather, they are organized in a few 
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large tandem arrays. The organization of the 1.4 kb units 
rules out the possibility that the spliced leader and indi- 
vidual structural genes are transcribed into continuous 
pre-mRNAs. This hypothesis is most rigorously support- 
ed by molecular karyotype determinations in which the 
1.4 kb SL genes and VSG genes are mapped to chromo- 
somes that have been resolved by pulse field gradient gel 
electrophoresis. These determinations reveal that VSG 
genes which reside on chromosomes with no detectable 
copies of the 1.4 kb SL gene are transcribed and give rise 
to mRNAs which contain a 5' leader z' 25, 68. Therefore, 
transcription of these genes occurs independently and in 
a manner which permits the joining of RNAs that are 
encoded by genes on separate chromosomes. The SL 
gene transcript has been identified in Northern analyses 
of  total T. brucei RNA 13, 30, 3v; the transcript is a small 
RNA with a discrete size of approximately 135-147 nu- 
cleotides. This RNA (the SL RNA or medRNA) is en- 
coded continuously within the 1.4 kb repeat unit and 
contains the 39 base sequence at its 5' end 13, 30, 37. 

Mechanism of spliced leader addition 
The leader sequence is donated from the SL RNA to 
pre-mRNAs by a process of trans splicing 43, 6o; this reac- 
tion is shown schematically in figure 1. The mechanism 
of trans splicing in trypanosomes appears to be similar 
biochemically to that of cis splicing in other eukaryotes 
insofar as the reaction precursors and intermediates have 
been described. The 5' splice site of the SL RNA and 3' 
splice sites of pre-mRNAs fit the consensus sequences 
(5'/GU3' and 5'AG/3' respectively) for c/s-spliced sites 
and the branch residue is primarily an adenine 49, 61 as is 
the case for cis splicing. On the basis of these descrip- 
tions, it is reasonable to speculate that, by analogy with 
the well-characterized c/s-splicing pathway, in the first 
step of the reaction a branchsite residue in the pre-mR- 
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Figure 1. Model of trans splicing in Trypanosoma brucei. Substrates for 
the reaction are the 139 nt SL R N A  and a p re -mRNA (A). The first step 
involves cleavage of the 5' splice site and formation of a branched Y 
structure (B). In the second step of the reaction, the two exons are joined 
to produce a mature m R N A  and the introns are released as a discrete 
species (C). 
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NA participates in a nucleophilic attack on the 5' splice 
site, leading to cleavage of the splice site and the genera- 
tion of a 2 ' -  5' branched intermediate (fig. 1 B). Because 
the two RNA substrates for trans splicing are not linked 
as they are in cis splicing, this branched intermediate has 
the shape of a Y structure rather than a lariat. The exis- 
tence of this structure was demonstrated by Murphy et 
al. 43 and by Sutton and Boothroyd 6o who showed that 
the intron portion of the SL RNA (the 3' I00 nucleotides) 
is associated by a 2' 5' phosphodiester bond with high 
molecular weight RNA and is released by treatment with 
HeLa cell debranching enzyme. Because the intron por- 
tion of the SL RNA is released from this RNA as a 
discrete sized species, it is clearly not covalently linked at 
its 3' end to the remainder of the intron as would be 
expected for a cis-spliced lariat. 
Resolution of the branched intermediate occurs when the 
3' splice site is cleaved and the two exons ligated (fig. 1 C). 
The products of trans splicing are therefore a mature 
mRNA and a branched intron-structure that contains 
the 3' 100 nucleotides of the SL RNA bound to the intron 
portion of the pre-mRNA. The intron regions of differ- 
ent pre-mRNA species appear to differ in size as well as 
in sequence and thus branched intron-structures are 
found in the cell as a heterogeneous-sized population of 
RNAs 52. These structures are presumably substrates for 
the debranching enzyme activity that has been identified 
in trypanosomes 61, and are likely to be rapidly degraded. 

The machinery of  trans splicing 
Although the exact details of trans splicing remain un- 
known, there are indications that the cellular machinery 
that carries out the reaction is related to the cis-splicing 
machinery of yeast and higher eukaryotes. Cis splicing 
takes place in the context of a large RNA-protein com- 
plex termed the 'spliceosome '8' 34, 54. The spliceosome 
assembles on the nascent transcript and is composed of 
several distinct ribonucleoprotein particles (RNPs); each 
of these particles appears to be required during a specific 
step or stage of the splicing pathway. In addition to their 
protein components, individual particles contain one or 
two of the small nuclear class of U RNAs. These U 
snRNAs have several characteristic features, including a 
trimethylguanosine cap structure and a high content of 
uridine residues (hence the name U RNA). 
Five U RNAs are required for splicing in yeast and meta- 
zoan cells; three of their analogs have been identified in 
trypanosomes 4~ These include the 148nt try- 
panosome U2 RNA analog, which shows extensive ho- 
mology to other U2 RNAs over the first 100 nt (fig. 2). 
This '5' domain' is highly conserved and is thought to 
contain sequence or structural determinants that are re- 
quired for the function of the U2 RNP in pre-mRNA 
processing 8, 34-, 4-7, 54. The 3' region of the trypanosome 
U2 RNA is far less conserved, and potential secondary 
structure comparisons suggest that it is lacking an inter- 
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Figure 2. Potential stem-loop structures I, II and IV are conserved be- 
tween the Trypanosoma brucei and human U2 RNAs. Structures are 
drawn as suggested by Shuster and Guthrie s6. The underlined regions A 
and B of the human U2 R N A  indicate the branchpoint  recognition site 
and Sm binding site respectively. These regions are not conserved in the 
trypanosome U2. 

nal single-stranded region and a stem-loop structure 
(stem-loop III) that is present in other U2 RNAs that 
have been studied (fig. 2) 56 . Interestingly, it is this single- 
stranded region of the U2 RNAs of S. cerevisiae and 
higher eukaryotes that contains the Sm binding site 
which is required for assembly of the RNA into an RNP 
particle. This site is present in many of the sn URNAs 
involved in cis splicing, is required for binding of a set of 
proteins (the Sm antigens) that are common to the vari- 
ous particles containing these URNAs, and is necessary 
for these RNAs to acquire their characteristic TMG cap 
structure. Interestingly, none of the trypanosome U 
RNAs that have been identified contain an Sm bind- 
ing sequence 4~ 64, 65; also, T. brucei does not appear to 
contain proteins that react wi th  anti-Sm antibodies 
(S. Michaeli, unpublished). The trypanosome URNAs 
do appear to be bound by protein(s), however, as they 
migrate in Cs2SO4 density gradients as RNP particles. As 
trypanosomes are phylogenetically far removed from 
other organisms whose sn URNPs have been examined, 
it will be interesting from an evolutionary point of view 
to compare the proteins of the trypanosome URNP par- 
ticles to those of mammalian URNPs. 
Trypanosome U4 and U6 RNAs have been identified and 
were found to be 57 % and 69 %, respectively, identical to 
their Drosophila analogs 4o, 64. The T. brucei U4 and U6 
RNA sequences show extensive intermolecular comple- 
mentarity, consistent with the hypothesis put forth for 
higher eukaryotes that U4 and U6 RNAs are complexed 
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by base-pairing within a single RNP particle 10, 26. Al- 
though the precise function of these RNAs in mRNA 
splicing is not known, they may interact with the 5' exon, 
perhaps holding it in place in the spliceosome once the 5' 
splice site has been cleaved. 
The hypothesis that trans splicing takes place within a 
large ribonncleoprotein complex such as that described 
for cis splicing is supported by results obtained by Miller 
and Wirth 39. They showed by density centrifugation of 
nuclear extracts of a related trypanosomatid, Leishmania 
enrienii, that SL RNA is present in a 60S peak and that 
this peak contains protein as well as RNA. The L. enriet- 
tii U2 RNA cosediments with the SL RNA in this 60S 
fraction, and may be part of a structure analogous to the 
spliceosome described in cis-splicing systems 8, 34, 54. De- 
finitive proof that trans splicing is carried out by URNP 
complexes will require the development  of an in vitro 
system; however, in the current absence of such a system 
these in vivo results have provided working models that 
may be tested in the future. 
While the similarities that have been noted between trans 
and cis splicing are likely to reflect a common evolution- 
ary origin, the differences between the two pathways are, 
perhaps, far more intriguing. Differences are to be ex- 
pected, because the cis-spticing machinery of mammalian 
cells is very inefficient at trans splicing artificial sub- 
strates in vitro 29's8. The efficiency of the reaction is 
increased by the introduction of complementarity be- 
tween the artificial substrates 29, suggesting that the 
mammalian cis-spliceosome does not require that its sub- 
strates be continuous, but that it has no inherent mecha- 
nism for efficiently bringing together two discontinuous 
substrates. Such a mechanism is likely to exist in try- 
panosomes because no extensive complementarity be- 
tween the SL RNA and mRNA precursors has been 
demonstrated, and yet trans splicing appears to occur 
very rapidly in these organisms. 
Perhaps the most significant dissimilarity between the 
two types of splicing is that, for trans splicing, every 5' 
exon is identical. This property may be necessary and 
may provide for a mechanism which allows the efficient 
recognition of discontinuous substrates. Recognition 
could be promoted either by the interaction of the SL 
RNA with specific proteins, or by base-pairing of the SL 
RNA with other RNAs that are involved in splicing. 
Michaeli et al. have obtained evidence for the former 
type of interaction; they find that the SL RNA is present 
as part of a unique ribonucleoprotein particle with a 
sedimentation coefficient of approximately 10S 3,3sa. 
This particle, termed the SL RNP, has several properties 
of a U snRNP, including its density and its ability to 
withstand fractionation by Cs2SO4. These observations 
suggest that during trans splicing the 5' exon-containing 
RNA in some respects resembles a U RNA. 
The hypothesis that the SL RNA has properties of a U 
RNA has been expanded by Bruzik et al., who showed 
that the SL RNAs from several different species can be 

folded into very similar secondary structures even though 
their primary sequences are not conserved ~1. Each po- 
tential secondary structure contains three stem-loops and 
in each the 5' splice site is base-paired with upstream exon 
sequences. For most types of RNA splicing, base-pairing 
across the 5' site is thought to activate the phosphodiester 
bond for the first step of the reaction. During cis splicing, 
it is the U1 RNA that base-pairs with the pre-mRNA 5' 
splice site; in trans splicing the potential for intramolecu- 
lar base-pairing in the SL RNA may obviate a need for 
an additional UI  RNA activity. In this regard, it is inter- 
esting that no UI RNA has been identified in try- 
panosomes 4~ Thus, the SL RNA may play a bifunction- 
al role in the cell in that it may act both as a substrate for 
trans splicing and also to promote its own catalysis. 

Branchpoint recognition in trypanosomes 
The potential for the SL RNA to interact directly by 
base-pairing with other RNAs involved in trans splicing 
has been suggested by RNA sequence comparisons. In 
general, the models that have been proposed have impli- 
cated the SL RNA as having a mechanistic role early in 
the formation of the trans-splicing complex and, in par- 
ticular, in the recognition of the branchsite residue. One 
of the more striking observations to come from these 
RNA sequence comparisons is the complementarity be- 
tween the SL RNA and the trypanosome U2 RNA 4~ 65. 
In T. brucei brucei and T. brucei gambiense this comple- 
mentarity includes a large block of potential uninterrupt- 
ed base-pairs between the central portion of the SL and 
a 10 nucleotide region of the U2 RNA. The notion that 
the SL RNA and U2 RNA interact directly is attrac- 
tive because it suggests a model whereby during trans 
splicing, the U2 RNA, acting as a 'molecular adaptor' ,  
brings the 5' splice site into contact with the branch- 
point region. However, the model is not strongly sup- 
ported by the analyses of SL RNA and U2 RNA se- 
quences in other trypanosomatids. In Leishmania enriet- 
tii and Leptomonas collosoma the complementarity 
between the SL RNA and U2 RNA is not as extensive as 
for the T. brucei brucei and T. brucei gambiense RNAs 
and the largest block of potential base-pairs is interrupt- 
ed 25a, 39. 

A second model for SL RNA base-pairing interactions 
has been proposed by Layden and Eisen 33. They suggest 
that limited regions of complementarity allow the SL 
RNA to interact directly with pre-mRNAs at the posi- 
tion of the branchsite. This model is not supported by 
recent branchpoint mapping experiments, however, 
which indicate that for the c~- and/~-tubulin pre-mRNAs, 
the branched residues and the predicted SL RNA com- 
plementarity sites are not coaligned 49. 
The question as to the mechanism of branchpoint recog- 
nition is particularly puzzling in T. brucei because regions 
adjacent to SL addition sites have none of the conserved 
features that are present upstream of the 3' splice sites of 
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cis-spliced pre-mRNAs. These features include, for S. 
cerevisiae, a highly conserved sequence (UACUAAC) 
that is complementary to nucleotides 34-39 of the U2 
RNA. Base pairing between this region of the U2 RNA, 
which is absolutely conserved among the higher eukary- 
otes that have been studied, and pre-mRNAs appears to 
be partly responsible for branchpoint recognition in 
yeast 47. Interestingly, the analogous region of the try- 
panosome U2 RNA differs from the consensus sequence 
in five out of  six positions. There is no potential for 
interaction between this region of the U2 RNA and the 
tubulin branchsites that have been identified 49, and the 
region is not conserved among the U2 RNAs of other 
trypanosomes that have been studied, suggesting that 
there are no functional constraints placed upon it zsa, 39. 
An additional hypothesis for branchpoint recognition 
has been suggested for mammalian cells, which do not 
contain highly conserved UACUAAC regions; this hy- 
pothesis suggests that polypyrimidine tracts located near 
the 3' splice site may be required for the initial interaction 
of the pre-mRNA with the U2 RNA 14, 31, 53. An exami- 
nation of trypanosome sequences reveals that many 
genes do have pyrimidine-rich regions upstream of their 
3' splice sites; however, these polypyrimidine tracts are 
not conserved among all the genes that have been stud- 
ied. 
Our inability to identify conserved regions of pre- 
mRNAs that may act as recognition sequences for the 
trans-splicing machinery suggests two hypotheses, each 
of which would distinguish trans splicing in try- 
panosomes from cis splicing. A first hypothesis is that the 
trans-splicing machinery may recognize sequences that 
are removed from the 3' splice site; this could be either a 
direct recognition or a recognition through other factors. 
For example, trans splicing may be coupled to another 
process such as transcription and may identify the appro- 
priate 3' splice sites only through its interaction with the 
transcription complex. A second hypothesis is that recog- 
nition sequences near the 3' splice sites of t rypanosome 
pre-mRNAs do exist but are not well conserved because 
the fidelity of trans splicing need not be as high as the 
fidelity of cis splicing of protein coding regions. SL addi- 
tion occurs in the nontranslated regions of trypanosome 
pre-mRNAs and there is not a need for extreme precision 
during the reaction in order to maintain open reading 
frames. This hypothesis is supported by the fact that 
many trypanosome genes have multiple potential SL ad- 
dition sites. 

Functional significance of  trans splicing 
While much understanding has been gained of the mech- 
anism of trans splicing, its function in the cell remains 
unclear. Analogs of the SL RNA have been found in 
every trypanosomatid that has been studied, indicating 
that trans splicing evolved before the divergence of this 
large familyS'16'37'38'42'45'65. In figure 3 is shown a 
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GTATG -tCGRRA C CTTCCGGR RICCITGTCTTCCGIGICRIRIGIRITITITTGGGRGCGCGGR 
GTRTG T RGRGR - CTTCCAGR AICCITRGTTCTGRIRIRTITITITIGIGIRCCGRGCTTTCGG 

G~"T'ICCTGCCGCRT~CTGCGGSRRTCT66RRGGTGGG6TCGGRTGRCCTCCRCTCTTTTT 
TITT[GACCGGGGTCCRCGARCCCTTTTT 
GITGIGCCGCGGCCCCGCGGCCRARCRRCRCRRRRCRRRTTTTT 3' 
RICGIGTTTTT 
GICTITTTT 

s' ,[, 
B C. elegans: 6GTTTRRTTRCCCRRGTTTGRG 

GTRRRCRTTGRBRCTGACCCBRRGRRRTTTGCGTTRGCTRTRRRTTTTGGRRCGTCTCCT 

CTCGGGGAGRCARRRRTR 

3' 

Figure 3. A Sequence comparison of the SL RNAs of several trypanoso- 
matid species. Regions that are conserved between the species are boxed; 
dashes have been inserted to preserve the alignment and the 5' splice site 
is indicated by an arrow. B Nucleotide sequence of the C. elegans SL 
RNA showing the position of the 5' splice site (arrow). 

comparison of the SL RNAs that have been sequenced 
from different species including T. brucei a6"3v, T. 
cruzi 16, 37, T. gambiense 65, Z vivax 16, Crithidia fascicu- 
lata 4 z, Leishmania enriettii 38, Leptomonas col losoma 16 

and Leptomonas seymouri 5. A comparison of these se- 
quences reveals that the spliced leader and a few of the 
nucleotides immediately downstream of the splice junc- 
tion are highly conserved. The conserved nucleotides 
downstream of the splice site may be involved in recogni- 
tion of the SL RNA as a substrate for trans splicing; for 
example, they may provide binding sites for the proteins 
of the SL RNP. Because the conserved nucleotides of the 
spliced leader are present on both the SL RNA and on 
mature mRNAs, they may be required for trans splicing 
and/or for other aspects of mRNA metabolism such as 
transport from the nucleus, translation and stability. 
Trans splicing may have arisen as a consequence of the 
unusual organization and expression of the trypanosome 
genome. What little data has been obtained has indicated 
that patterns of transcription in trypanosomes may be 
very different from those of other eukaryotes. Perhaps 
the most unusual feature that has been suggested is that 
trypanosome precursor transcripts are polycistronic. 
Polycistronic transcripts have been detected for several 
housekeeping genes; these genes are reiterated in tandem 
arrays in the trypanosome genome 41'66. There is also 
evidence to suggest that transcription of genes which are 
not tandemly repeated may be polycistronic. This has 
been suggested for active VSG genes, all of which are 
located near the ends of  telomeres and which may be 
transcribed as part of huge units which give rise to many 
poly(A) + RNAs 28. 
A function of trans splicing may be to resolve these 
polycistronic transcripts into mature, monocistronic 
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mRNAs. Spliced leader addition provides a means for 
cleaving these precursor RNAs within the 5' nontranslat- 
ed regions of the genes. Resolution of the 3' ends of the 
genes is then likely to occur by cleavage and addition of 
a poly(A) tail. An additional function of trans splicing 
may be to provide 5' cap structures to the mature 
mRNAs. The SL RNA has a highly modified 5' end 
including a mTG cap which it donates to the mRNAs 
during trans splicing 24'51. In other eukaryotes, mVG 
caps increase the stability of mRNAs and are necessary 
for their recognition by the translation machinery. 

Trans splicing in nematodes' 
The mechanism and function of spliced leader addition 
has garnered much interest with the more recent observa- 
tion that the process is not restricted to the order Kineto- 
plastidae. Several species of nematodes, both parasitic 
and free-living, are now known to contain trans-spliced 
m R N A s  T M .  For Caenorhabditis elegans, the ap- 
proximate fraction of the total cellular mRNAs that con- 
tain an identical, 22 nucleotide spliced leader is 10- 
15 % 4. Several mRNAs which contain the SL have been 
identified. These encode two ribosomal proteins, ubiqui- 
tin, GAPDH, a heat shock protein and three actins 4, 3z. 
There is no obvious argument as to why specific mRNAs 
in C. elegans should receive a leader sequence and others 
not. 
The C. elegans leader sequence is donated by a 100 nt SL 
RNA which is encoded within the 5S RNA repeat unit 32. 
The SL RNA is transcribed independently of the 5S 
RNA and, in Ascaris suum, the transcribing polymerase 
appears to be RNA polymerase I135. The sequence of the 
nematode SL RNA, also shown in figure 3, shares little 
homology with the trypanosome SL RNA. However, the 
22 nt SL is conserved among nematodes of several gen- 
era, including C. briggsae 4 and Panagrellus redivivus 
(other free-living nematodes) 4, Ancylostoma caninum (a 
parasitic nematode of dogs; R. Swoboda, unpublished), 
Anisakis spp. (parasitic nematodes of fish) 4, Ascaris su- 
um (a parasitic nematode of pigs) 4'46, Brugia malayi 
(the causative agent of elephantiasis in humans) 62, 
Haemonchus contortus (a parasitic nematode of sheep) 4 
and Trichinella spiralis (the causative agent of trichinosis; 
R. Swoboda, unpublished). An additional, conserved 
feature of the various nematode SL RNAs, one that 
distinguishes them from their trypanosome counterparts, 
is the presence of an Sm antigen binding site. As men- 
tioned above, this site is present in many of the small 
nuclear U RNAs involved in cis splicing and is required 
for the binding of a set of proteins (the Sm antigens) that 
are common to the various particles containing these 
U RNAs 8, 34. As a consequence of their having an Sm 
binding site, nematode SL RNAs are precipitable with 
anti-Sm antibodies and have a trimethylguanosine cap 
structure 63. Thus, in nematodes, the SL RNA resembles 
a U RNA even more then does the trypanosome SL 
RNA. 

Whether the differences between trans splicing in try- 
panosomes and trans splicing in nematodes are merely a 
reflection of evolutionary distance or whether they reflect 
inherent differences between the two systems is un- 
known. The analysis of trans splicing in nematodes is 
complicated by the fact that cis splicing of mRNAs also 
occurs in these organisms and the same transcript can be 
a substrate for both pathways. This raises the question as 
to how the machinery distinguishes between sites that 
should be trans spliced and sites that should be cis 
spliced. It will be interesting to determine whether trans- 
and cis splicing in nematodes are completely distinct 
pathways or whether they share common components. 

Editing o f  mitochondrial m R N A s  

When trans splicing in vivo was first discovered in the 
trypanosomes, the observation was unprecedented; nev- 
ertheless, the process has been somewhat tractable from 
the experimental point of view because of its similarity to 
cis splicing. A second phenomenon of mRNA processing 
that has been described in these parasites is that of RNA 
editing. The origin and mechanism of this process are far 
more perplexing than those of trans splicing because no 
related pathways have been described in other organ- 
isms. 
Editing of mRNAs has thus far been observed with a 
number of mitochondrial transcripts from three distantly 
related trypanosomatids: T. brucei, Crithidia fasciculata 
(an insect trypanosome) and Leishmania tarentolae (a 
parasite of lizards) 1' 6, 7, 20, 22.23.55, 69. The outcome of 
the editing process is evident upon comparison of the 
sequences of the mature transcripts with their corre- 
sponding coding sequences in the mitochondrial 
genomes; specific U residues that are not encoded in the 
genome are inserted into transcripts and other U residues 
that are encoded in the genome are deleted from the 
transcripts. Addition/ deletion of U residues occurs ei- 
ther singly or in multiples and, depending on the tran- 
script being studied, editing may affect both coding se- 
quences and noncoding sequences, including poly(A) 
tails. 
The extent to which editing occurs varies widely among 
different mitochondrial transcripts; for example, in T. 
brucei the cytochrome oxidase I (COI), N A D H  dehydro- 
genase 4 (ND4) and ND5 transcripts appear to remain 
unedited 55 while transcripts such as those encoding 
apocytochrome b (CYb) receive a limited number of 
uridine insertions TM 22 and, at the opposite end of the 
spectrum, the 3' end of the cytochrome c oxidase subunit 
III  (COIII) transcript receives an astonishing 58 % of its 
total nucleotides by the RNA editing process 2o. The ex- 
tent to which editing occurs also differs among 
analogous transcripts from the three species that have 
been studied. This is most clearly demonstrated by the 
dramatic contrast between the COIII  mRNA in T. brucei, 
and the C. fasciculata and L. tarentolae analogs, which 
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are edited only to a limited extent in their 5' regions 20. 
The discovery of RNA editing has provided explanations 
for many of the unusual features of trypanosomatid mi- 
tochondrial genomes. In addition to the observation that 
several normally conserved genes such as those encoding 
subunits 6, 8 and 9 of ATP synthetase are absent from 
these genomes, is the puzzling observation that, of the 
genes that are present, several lack ATG initiation 
codons and the COII, MURF2,  and MURF3 genes en- 
code internal reading frameshifts 15.5v. As will be dis- 
cussed below, RNA editing corrects many of these ge- 
nomic errors with the result that fully functional 
messages are produced. 
Editing was first observed in the COII transcripts of C. 
fasciculata and T. bruceiT. The COII gene is peculiar in 
the trypanosomes in that it harbors a - I  frameshift at 
amino acid 170 in each of the species studied, yet other 
characteristics of the gene suggest that it is function- 
al 15.27, 50. These include the fact that the predicted ami- 
no acid sequence of the COII gene product is highly 
conserved, both in the region in which the frameshifts 
occur and in the remainder of the gene, and the nucle- 
otide substitutions that have arisen occur predominantly 
at the third base position and are primarily silent or 
conservative. Benne et al. 7 showed that the frameshift in 
the genomic COII sequence is suppressed by an addition 
to the transcript of four uridines. The uridines are added 
at the same positions in C. fasciculata and T. brucei and 
the amino acid sequences predicted for the corrected re- 
gion of the mRNAs are identical. Similar frameshifts are 
present in the MURF3 (mitochondrial unidentified read- 
ing frame 3) gene of L. tarentolae and, in this case, the 
open reading frame is restored by the insertion of 5 U 
residues into the transcript 52 
Creation of in-frame initiation codons by RNA editing 
has been demonstrated for the CYb, MURF2 and COIII  

Reviews 

transcripts z2, 25. In general, these transcripts are heavily 
edited in the 5' coding sequences. For example, for the 
MURF2 transcripts, 28 uridines are added to and 4 delet- 
ed from a region that spans only 24 nucleotides of the L. 
tarentolae coding sequence, 28 uridines are added to a 
region that spans 18 nucleotides of the C. fasciculata 
coding sequence, and 26 nucleotides are added to and 4 
deleted from a region that spans 30 nucleotides of the T. 
brucei coding sequence (fig. 4) 55. Many of the editing 
changes are conserved between the three species and, as 
a result, the amino acid sequences predicted for these 
portions of the edited transcripts are identical. Editing Of 
the T. brucei CYb transcript was unexpected because an 
in-frame AUG is coded for in the genome 21. However, 
RNA editing creates a second AUG at the same position 
as the AUGs created in the L. tarentolae and C. fascieu- 
lata transcripts 22. It is possible that, by regulating RNA 
editing in T. brucei, both AUG codons may be utilized, 
giving rise to two CYb proteins which differ by 20 amino 
acids at the N-terminus. 

Evidence for regulation of RNA editing 
Regulation of RNA editing has been demonstrated dur- 
ing the developmental stages of T. brucei 21' 23. This dige- 
netic species requires both a mammalian host and an 
insect vector to complete its differentiative life cycle 19, 7o 
In the mammalian host, the trypanosome lives primarily 
in interstitial fluids including blood, and produces energy 
by glycolysis. Two stages of the parasite cycle occur in the 
vertebrate host; in the slender form the single mitochon- 
drion is reduced, with few cristae present, and the cell 
completely lacks Krebs cycle enzymes and cytochromes. 
The stumpy form has an incomplete respiratory system 
with some enzyme activities associated with the Krebs 
cycle, but it also produces energy solely by glycolysis. It 

L. t �9 DNA 

L. t. RNA 

5'..TAATCTATATTTTATTAtt--AttA G GG G A .... A AG A A G GACTG AGTCGTGTATTT..3' 

OO OO 

5'..NNNNCNNNAUNNUAUUA A AuGuuuGGuuGuuuuA .... AuuuAGuuuuAuuuuuAuGuuuuGACUGuAGUCGUGUAUUU..3' 

�9 QQO OO OOOO OOO OOOO OOOOO �9 gOOQ �9 

C.f. DNA 

C.f. RNA 

5'..TAATCTAAA .... ATAA .... A--A G GG G A .... A AG A A G GACTG AGTCGAATTTTT..3' 

5'..UAAUCUAAA .... AUAA .... A--AuGuuuGGuuGuuuuA .... AuuuAGuuuuAuuuuuAuGuuuuGACUGuAGUCGAAUUUUU..3' 

�9 OOO OO OOOO OOO OOOQ OOOOO �9 OQOO �9 

T.b. DNA 5'..TAATCTATA .... ATGA A--A G GG G AttttA AG A TTG GCTTTGATTG AGTCGTGTTTTT..3' 

OOOO 

T.b. RNA 5'..UAAUCUAUA .... AUGAuuuuA--AuGuuuGGuuGuuuuA AuuuAGuuuuAuuuUUGuGCUUUGAUUGuAGUCGUGUUUUU..3' 

OOOO �9 OOO 00 OOOO OOO OOOO OOQ �9 �9 

L.t. M F G C F  N L V L F L C F D C S R V F  
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T.b. M I L M F G C F  N L V L F L C F D C S R V F  

Figure 4. Comparison of the MURF2 DNA, RNA, and amino acid 
sequences from L. tarentolae, C. faseieulata, and T. brucei. A portion of 
the 5' end sequences of the MURF2 transcripts are shown with the 
corresponding genomic DNA sequences aligned above each RNA se- 
quence. Sites of uridine addition are indicated by gaps in the DNA 
sequences and by closed circles below the RNA sequences. Sites of uridine 

deletion are indicated by gaps in the RNA sequences and open circles 
below the DNA sequence. Dotted lines indicate gaps introduced to facil- 
itate the alignment of sequences between species. The N-terminal amino 
acid sequences predicted from the edited transcripts are shown below. 
Asterisks indicate positions of non-identity between these predicted se- 
quences. 
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is the stumpy form which is thought to be infective to the 
tsetse fly vector. Upon ingestion into the midgut of this 
insect host, the trypanosome develops into the procyclic 
form, which has a fully functional respiratory system. 
An analysis of mitochondrial transcripts from these var- 
ious life cycle stages suggests that, for specific transcripts, 
there is a stage specificity of uridine addition that reflects 
the stage specificity of synthesis of the encoded proteins. 
For example, for the CYb and COIl genes, edited tran- 
scripts are fully present in procyclic forms, they are pres- 
ent to a limited extent in stumpies, and they are absent 
from slender bloodstream forms 21'23. Unedited tran- 
scripts are found in all three life cycle stages although 
their abundance may differ between the stages. These 
observations have suggested that a potential role of RNA 
editing in trypanosomes is to regulate the translation of 
mitochondrial proteins. In this respect, it is of note that 
of the six genes whose transcripts are known to be edited, 
five lack appropriate initiation ATG codons. Moreover, 
editing in the 5' initiation region of these transcripts is 
generally well conserved among the species studied 
whereas editing of other regions of the transcripts, for 
example in the coding region of the COIII mRNA, is not 
conserved. However, a model in which the role of editing 
is simply to control mitochondrial mRNA translation 
does not begin to address questions as to the origins of 
such extensive editing as is found in the T. brucei COIII 
transcript 20 

Mechanism of RNA editing 
The mechanism of RNA editing has not yet been deter- 
mined but it appears likely that the process occurs post- 
transcriptionally. This hypothesis is primarily supported 
by the detection of unedited and partially edited tran- 
scripts of mitochondrial genes, although it has not been 
proven that these transcripts are actual precursors of 
mature, edited mRNAs. Unedited transcripts have been 
detected in RNA sequencing experiments 21'55 and in 
Northern analyses using specific oligonucleotides as 
probes v' 21, 2z, 69. Partially edited COIII transcripts have 
been detected in Polymerase Chain Reaction experiments 
in which one of the two primers used was specific for an 
edited region of the transcript and the other primer was 
specific for an unedited region of the transcript 1. De- 
pending on the set of primers used, these experiments can 
theoretically detect transcripts that are edited only in a 5' 
and not in a 3' region or transcripts that are edited only 
in a 3' and not in a 5' region. Only the latter class of 
partially edited mRNAs have been detected in these ex- 
periments, suggesting that the process of RNA editing 
occurs in a 3' to 5' direction. This hypothesis is also 
supported by sequence analyses of cDNA clones of sever- 
al partially edited transcripts; these analyses reveal that 
the transcripts are invariably edited at their 5' ends and 
not at their Y ends 1, 69 
The unedited/edited junctions of the partially edited 
COIII transcripts are interesting in that they are not 

sharp transitions from the sequences encoded by the ge- 
nome to the sequences of the mature mRNAs. Rather, 
these junctions are regions which may differ both from 
the gene and the fully edited RNA sequences at several 
sites. At some of the sites in the unedited/edited junc- 
tions, fewer uridines may be present than the number 
added to the mature transcript. At other sites, a greater 
number of uridines may be present than in the mature 
transcript, and the partially edited transcripts may con- 
tain uridine additions at sites that are not edited at all in 
the mature transcript. These junctions may represent re- 
gions where editing was in process at the time of RNA 
isolation, 
Taken together, these observations suggest that the pro- 
cess of RNA editing involves several enzymatic activities 
including those of an endonuclease, a uridyl transferase 
and an RNA ligase. A general model for RNA editing 
which describes these activities is shown in figure 5 and is 
based on a model proposed by Stuart 59. For the sake of 
simplicity, the RNA editing activities in the model have 
been attributed to a single complex termed the 'edito- 
some', although it is not known whether such a complex 
actually exists in the cell. Regardless of the nature of the 
editing machinery, the sequence of events that is pro- 
posed for the RNA editing process is: assembly of the 
editosome on the unedited transcript, recognition of a 
region of the transcript to be edited, cleavage of a site or 
sites within that region, addition or deletion of uridines 
at the site(s), and ligation. 
If the hypothesis is correct that editing occurs in a 3' to 
5' direction, then assembly of the editosome may take 
place either at the 3' end of the transcript or at the 
Y-most region to be edited. For many transcripts, these 
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Figure 5. Model for RNA editing proposed by Stuart sg. RNA is shown 
as horizontal bars, added uridines are indicated by black bars and sites 
to be edited are marked with crosses (X). 
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two possibilities cannot be distinguished because RNA 
editing appears to affect the poly(A) tails 6'7' 12,20,69 
Although it has been suggested that insertion of uridines 
into poly(A) tails functions to stabilize the mRNAs, it is 
equally possible that the editing of these regions is merely 
a reflection of the sequence recognition requirements of 
the editosome. That is to say, the primary sequence re- 
quirements that direct the editing machinery to a partic- 
ular region may be contained within the tracts of A 
residues in the poly(A) tails. Once the editing machinery 
is assembled, it may begin to insert and/or delete U 
residues regardless of whether editing is required in the 
region. The hypothesis that poly(A) tails contain recogni- 
tion sequences for RNA editing is supported by the ob- 
servation that mitochondrial genome sequences that are 
targets for editing are rich in purines. One example of this 
is apparent upon comparison of the edited and unedited 
sequences of the COIII  gene of T. brucei2~ The unedited, 
genomic sequence contains runs of purines punctuated 
by T residues and occasional C residues. In some cases, 
as few as four or five purines separate T residues in the 
sequence, suggesting that these limited purine tracts may 
be all that is required for initial recognition by the editing 
machinery. 
Once the editosome is assembled, the endonuclease and 
uridyl transferase activities appear to be somewhat ran- 
dom. This is suggested by analyses of several partially 
edited COIII  transcripts 1. Abraham et al. found several 
cases in which too many or too few U residues had been 
added to sites that require RNA editing, and they found 
one case in which two U's were added to a site that is not 
edited at all in the mature mRNA. In addition to these 
full-length, partially edited mRNAs, several transcripts 
have been identified in T. brueei that terminate abruptly 
at an editing site with a long, 5' stretch o fU ' s  1, 21. In one 
example, the 5' end of a partial CYb transcript has a run 
of 36 U's although the edited transcript has only 8 uridi- 
nes at that position 21. I f  these transcripts are true inter- 
mediates in the editing process, then it appears that in T. 
brucei the uridyl transferase activity initially adds long 
tracts of uridines which are subsequently chewed back, 
and that several rounds of editing may be required to 
obtain the correct number of uridine additions in the 
mature mRNA. 
Because of the great diversity of edited sites, it is unlikely 
that the information as to the correct sequences of these 
transcripts is either inherent to the editosome or is pres- 
ent in the primary structure of the unedited RNAs. It is 
conceivable that secondary structure characteristics of 
the regions direct the editing machinery although an 
analysis of edited regions did not reveal any structures 
that might function in this manner 55. An alternative 
hypothesis is that the editosome is working with a tem- 
plate. Such a template is unlikely to be DNA because no 
nuclear or mitochondrial sequences corresponding to the 

edited COII, COIII  and CYb transcripts of T. brucei have 
been identified 7, 20, 21, 55, 69, It is also unlikely that the 

editing process is directed by an anti-sense RNA tem- 
plate 22. A more intriguing possibility is that a plus- 
strand RNA template directs editing by a means other 
than traditional Watson-Crick base-pairing. Plus-strand 
templates could simply be identical to mature, edited 
mRNAs;  these have been detected in the cell at low levels 
under all conditions that have been studied. 
Regardless of its mechanism, RNA editing is a remark- 
able phenomenon with consequences for molecular evo- 
lution that we can only begin to understand. The identi- 
fication of the T. brucei COIII  gene, and its comparison 
to the C.fasiculata and L. tarentolae analogs, has provid- 
ed us with a spectacular example of the plasticity that the 
process has conferred upon the trypanosomatid mito- 
chondrial genome. Our knowledge of RNA editing has 
explained several puzzling aspects of the trypanosomatid 
mitochondrial genome and may equip us to tackle other 
difficult questions of  trypanosome biology in the future. 
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Summary. The explosion of new techniques, made available by the rapid advance in molecular biology, has provided 
a battery of  novel approaches and technology which can be applied to more practical issues such as the epidemiology 
of parasites. In this review, we discuss the ways in which this new field of  molecular epidemiology has contributed 
to and corroborated our existing knowledge of parasite epidemiology. Similar epidemiological questions can be asked 
about many different types of parasites and, using detailed examples such as the African trypanosomes and the 
Leishmania parasites, we discuss the techniques and the methodologies that have been or could be employed to solve 
many of these epidemiological problems. 
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1 Introduction 

One of the central areas of investigation considered in the 
study of parasites and the diseases they cause concerns 
the dynamics of interaction of the parasite, its host(s) and 
the environment. The study of such interactions - epi- 
demiology - seeks to describe, both qualitatively and 
quantitatively, the rules which govern the ways in which 
a given parasite is transmitted from one host to other 
hosts, and how this influences the spread of disease with- 
in and between populations of hosts. Such studies on 
transmission must encompass a wide range of factors in 
order to document fully the epidemiology of a given 
parasitic disease. 
One of the primary problems in parasite epidemiology is 
the correlation of a given disease with its causative organ- 
ism. In some cases such an association can be  clearly 
made. For example, in disease due to the bovine lung- 
worm, Dictyocaulus viviparus, the clinical signs of bron- 
chitis and pneumonia can be readily associated with the 

presence of adult worms in the trachea and bronchi. In 
contrast, the association between parasite and disease 
may be much less obvious, as is the case with the mor- 
phologically identical trypanosomes of the Trypanosoma 
brucei complex, the causative agents of African sleeping 
sickness. Here, apparently identical parasites have differ- 
ent specificities for the host and therefore different 
ranges. 
Having established what is the causative agent of a dis- 
ease, the epidemiologist must then consider the ways in 
which transmission occurs. Parasites can utilise very 
straightforward transmission routes; for example, Try- 
panosoma equiperdum is transferred from one host to the 
next by direct venereal transmission. Other parasites may 
require more complex life cycles, like the malaria para- 
site, Plasmodium, which uses the mosquito as a vector for 
transmission, or the blood fluke, Schistosoma, which re- 
quires an intermediate host to complete its life cycle. 
Mechanisms of transmission are almost as diverse as the 
parasites that use them. 


