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Protozoan parasites that profoundly affect mankind represent an exceptionally diverse group of organisms,
including Plasmodium, Toxoplasma, Entamoeba, Giardia, trypanosomes, and Leishmania. Despite the over-
whelming impact of these parasites, there remain many aspects to be discovered about mechanisms of
pathogenesis and how these organisms survive in the host. Combined with the ever-increasing availability of
sequenced genomes, RNA interference (RNAi), discovered a mere 13 years ago, has enormously facilitated the
analysis of gene function, especially in organisms that are not amenable to classical genetic approaches. Here
we review the current status of RNAi in studies of parasitic protozoa, with special emphasis on its use as a
postgenomic tool.

Among the many diseases that affect mankind, those caused
by protozoan parasites, such as Plasmodium, Leishmania, and
the African and South American trypanosomes, are of great
public health interest, as they cause a high incidence of mor-
bidity and mortality and predominantly affect low-income pop-
ulations in developing regions of Africa, Asia, and the Amer-
icas, where health resources are very often limited. Moreover,
parasitic diseases profoundly affect the quality of human life
and have a substantial impact on the economy and develop-
ment of entire countries. Even though parasitic infections are
generally thought to be more common in developing countries,
they are also prevalent in developed countries, with trichomo-
niasis, giardiasis, and toxoplasmosis having a significant impact
in the United States. Chemotherapy is the major weapon avail-
able against these parasites; however, the success of this ap-
proach is undermined by widespread resistance to some of the
most effective drugs ever developed, including chloroquine for
treatment of malaria. Thus, there is an urgent need to develop
new therapeutic regimens based on the identification and val-
idation of potential drug targets.

The extraordinary discovery in 1998 that double-stranded RNA
(dsRNA) triggers downregulation of gene expression (24), a pro-
cess dubbed RNA interference (RNAi), had a profound im-
pact on unraveling novel aspects of eukaryotic biology and, in
the postgenomic era, has enormously facilitated the analysis of
gene function, especially in organisms that are not amenable to
classical genetic approaches. Furthermore, the realization that
20-to-30-nucleotide (nt) small noncoding RNAs guide down-
regulation of gene expression has opened up a novel and still
expanding world of small regulatory RNAs (25, 60) and has
generated great expectations that small RNAs may be used as
therapeutic agents to ameliorate human diseases.

Here, we provide an up-to-date view of RNAi pathways in
protozoan parasites and discuss the current and potential use-

fulness of RNAi as a tool. We have chosen to focus on organ-
isms that are not only highly relevant with regard to human
disease but also have been and continue to be the subject of
intense investigations in many laboratories worldwide and,
most importantly, have been surveyed for the presence of
RNAi. They include (i) the kinetoplastids Trypanosoma brucei,
the causative agent of sleeping sickness in humans and nagana
in cattle (a wasting disease similar to sleeping sickness) in
sub-Saharan Africa, and T. cruzi, which causes Chagas disease
in South America, and the Old and New World Leishmania
parasites, which cause various forms of leishmaniasis world-
wide; (ii) the apicomplexans Plasmodium falciparum, the dead-
liest of the human malaria parasites, and Toxoplasma gondii,
the agent of toxoplasmosis and a major threat in immunocom-
promised individuals; (iii) the amoebozoa Entamoeba histo-
lytica, the causative agent of amoebic dysentery; and (iv) the
diplomonad Giardia intestinalis, which causes giardiasis, also
known as beaver fever. These four groups of organisms are
evolutionarily very distant from each other (67) and have fun-
damentally different life styles. Plasmodium and Toxoplasma
species are obligate intracellular parasites residing in a para-
sitophorous vacuole, and T. brucei multiplies in the blood-
stream, whereas Leishmania species infect macrophages and
other immune cells, where they live in phagolysosomes. T. cruzi
infects a variety of cell types transitioning from a parasito-
phorous vacuole, which is formed at the time of cell invasion,
to the cytoplasm, whereas Entamoeba and Giardia grow extra-
cellularly in the intestinal milieu. Importantly, all of the pro-
tozoan parasites mentioned above have been adapted to grow
under laboratory conditions, techniques have been developed
for their genetic manipulation, and their genomes have been or
are in the process of being sequenced.

DISCOVERY OF RNA INTERFERENCE AND ITS
ABSENCE IN CERTAIN PARASITES

T. brucei was the first protozoan parasite in which RNAi was
shown to be functional (44). In 1998, we reported the seren-
dipitous discovery that transfection of long dsRNA homolo-
gous to �-tubulin mRNA caused downregulation of the target
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mRNA and consequent inhibition of the synthesis of the cor-
responding protein. A similar response was demonstrated for
other mRNA targets (44), suggesting that RNAi, which had
been reported a few months earlier in a study of Caenorhabditis
elegans by the laboratories of Fire and Mello (24), was opera-
tional in T. brucei. The existence of the RNAi pathway in this
parasite was later confirmed by the identification of endog-
enous small interfering RNAs, or siRNAs (17), and of two
of the classical proteins required for the pathway, namely,
TbAGO1, a member of the Argonaute family of proteins (21,
55), and two Dicer-like homologues, TbDCL1 and TbDCL2
(48, 56).

Although the original T. brucei study showed that dsRNA
transfection resulted in significant downregulation of target
mRNA levels, it was disappointing to discover that, contrary to
the results of a C. elegans study (27), the effect was only tran-
sient and lasted about one cell cycle (44). Thus, there was no
evidence in the T. brucei study for an amplification of the
response to dsRNA, a phenomenon that in other organisms
has been linked to the activity of RdRp, or RNA-dependent
RNA polymerase (60). Indeed, the genomes of T. brucei and of
other RNAi-proficient trypanosomatid protozoa do not appear
to harbor a potential RdRp gene (Table 1). To overcome the
transient nature of RNAi and to provide an experimental
methodology to downregulate essential genes, tetracycline-reg-
ulated expression of dsRNA was established to exploit the full
potential of RNAi as a tool to analyze gene function (see
below for more details). Subsequently, conditional expres-
sion of dsRNA was transferred from T. brucei to T. congolense
(31), which causes nagana in cattle. However, the benefits of
the RNAi tool have so far not been exploited in T. congolense.
On the other hand, the establishment of conditional dsRNA
expression in T. brucei represented a major advance for que-
rying its biology and the RNAi tool has established itself as the
method of choice to downregulate gene expression in this
organism. Since its initial discovery in 1998, there have been
over 500 publications exploiting RNAi in T. brucei for studying
basic biological questions and for genome-wide screens (Fig.
1). Importantly, drug target validation at various centers world-
wide is currently primarily carried out by the use of RNAi.

The discovery and proven effectiveness of RNAi in T. brucei
studies stimulated great interest among laboratories engaged
in research investigating other protozoan parasites. Rather
disappointingly, direct experimentation showed that neither T.
cruzi (16) nor Old World Leishmania major and L. donovani
(52) were able to respond to dsRNA, indicating that they lack
a functional RNAi pathway. This was confirmed at the genome
sequence level, which revealed the absence of RNAi genes (22,
32). On the other hand, a few papers have been published that

support the notion that, in Plasmodium falciparum asexual
forms, dsRNA could trigger downregulation of gene expres-
sion (38, 40, 41). Although these initial findings raised high
expectations, they could not be reproduced by several labora-
tories. Furthermore, the idea of the existence of a functional
RNAi pathway in malaria parasites was challenged by investi-
gation of the genome sequence and subsequent rigorous tests
of the response to dsRNA: no RNAi genes were identified, and
no response to dsRNA could be documented (11). Similarly,
reports appeared in the literature documenting the use of
dsRNA for gene expression downregulation in T. gondii (2–4,
7, 29, 74), but, once again, these results proved difficult to
reproduce in other laboratories. Quite intriguingly, the ge-
nome sequence of T. gondii revealed the existence of Dicer,
AGO, and RdRp homologues (14) that appeared to have
plant/fungal (Dicer/RdRp) and metazoan (AGO) signatures.
The apparent discrepancy between the presence of RNAi genes
and the inability to exploit RNAi as part of an experimental
system has also been reported at meetings on G. intestinalis,
although a recent publication challenges this view (51). The
available reports on RNAi as a tool in studies of T. gondii and
G. intestinalis are at present confusing. Perhaps a careful re-
evaluation of the approaches, as was previously performed in a
Saccharomyces pombe study (59), may help to overcome this
hurdle.

For E. histolytica, the first evidence that expression of
dsRNA can trigger downregulation of a target mRNA was
obtained in 2004 (34, 65), and since then various methods have
been developed to implement the RNAi tool in studies of this
parasite (reviewed in reference 77), although a direct linkage
between dsRNA effects and the RNAi pathway genes has not
been forged as yet. Three AGO and one full-length RdRp
homologues have been identified in the E. histolytica genome
(Table 1), but BLAST searches for potential Dicer homo-
logues revealed only one candidate with a single RNase III
domain (1), whereas most Dicers are endowed with two RNase
III domains, which form a pseudodimer giving rise to the
enzyme’s active site (76). Nevertheless, in the budding yeast S.
castellii, Dicer also contains a single RNase III domain, which

FIG. 1. The impact of RNAi in T. brucei. PubMed was queried for
publications between January 1998 and the end of April 2011 that
mention T. brucei. The resulting 3,543 citations were then searched for
the terms “RNA interference,” “RNAi,” and “gene silencing”; the
searches produced 525 (about 15%) citations. In the graphic shown,
the numbers of RNAi citations in T. brucei studies are expressed as
percentages of the total number of T. brucei publications in each year.
Our analysis does not represent an attempt to capture all relevant
publications but simply highlights a noteworthy trend.

TABLE 1. RNAi genes and classes of small RNAs identified in
protozoan parasites

Parasite siRNAs miRNAs Argonaute Dicer-like RdRp

T. brucei � � � � �
L. braziliensis � ? � � �
E. histolytica � ? � ? �
G. intestinalis � � � � �
T. gondii � � � � �
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likely undergoes dimerization similar to that seen with its bac-
terial counterpart (19). Thus, it is possible that the E. histolytica
Dicer candidate is indeed an atypical one, but further studies
are needed to demonstrate that this protein is required for the
RNAi pathway. Then again, the generation of siRNAs in this
organism may proceed through a Dicer-independent pathway,
in similarity to what has been described for the PIWI-inter-
acting RNAs (61) and certain micro-RNAs (miRNAs) in
metazoans (73).

The New World species L. (Viannia) braziliensis, a major
cause of cutaneous and mucocutaneous leishmaniasis in South
America, represents the latest addition to the list of RNAi-
proficient protozoan parasites. When the genome of L. (V.)
braziliensis became available in 2007 (49), it was evident that
this organism, which is a distant relative of trypanosomes, has
a full complement of RNAi pathway genes. Importantly, direct
experimentation has proven that the RNAi pathway is func-
tional and that RNAi can be used as a tool to downregulate
expression of reporter as well as endogenous genes (37).

With the growing number of sequenced genomes available,
it is relevant to ask whether other human protozoan parasites
have the hallmarks of the RNAi pathway. So far, we have been
able to identify a potential AGO homologue only in Trichomo-
nas vaginalis (NCBI accession number XP_001329688.1), the
causative agent of trichomoniasis, a highly prevalent infection
of humans in industrialized countries. Searches for possible
Dicer and RdRp homologues in T. vaginalis were unsuccessful.

ENDOGENOUS RNAi PATHWAYS AND THEIR
BIOLOGICAL ROLE

RNAi pathway in T. brucei. The most detailed analysis of a
protozoan parasite RNAi pathway has been done in T. brucei
studies (Fig. 2; see reference 8 for details). Briefly, there are
two arms of the RNAi pathway, one in the nucleus and the
other one in the cytoplasm, which are initiated by nuclear
TbDCL2 (48) and cytoplasmic TbDCL1 (56), respectively, and
feed into the single AGO1 protein (21, 57). The nuclear path-
way is dedicated to downregulation of transcripts derived from
retroposons and repeats, seemingly to maintain genome sta-
bility by decreasing potential retroposon hopping (47) and
possibly by aiding chromosome segregation (21). The role of
the cytoplasmic arm of RNAi is less clear, as deletion of
TbDCL1 has minor consequences for the endogenous RNAi re-
sponse. We have put forward the hypothesis that TbDCL1
functions as a sentinel in the cytoplasm to provide a second
checkpoint should retroposon and repeat transcripts escape to
the cytoplasm (48). We have also reported that TbDCL1 is
required for the processing of 40-to-50-nt dsRNA intermedi-
ates produced by TbDCL2 (48), an indication that the two
enzymes cooperate to bring about a full RNAi response. It is
interesting that ablation of TbDCL2 resulted in cells that are
hyperresponsive to transfection with long dsRNA as well as
with synthetic siRNAs (48), a phenotype consistent with the
possibility that the endogenous nuclear pathway is dominant
over the cytoplasmic response. In addition, the T. brucei ge-
nome codes for a homologue of HEN1, a methyltransferase
that in certain organisms modifies the terminal ribose of
siRNAs and miRNAs (30), thus protecting the 3� end from nu-
clease attack, and we have shown that T. brucei siRNAs have a

modified 3� ribose (48). Intriguingly, HEN1 is not present in L.
(V.) braziliensis, suggesting mechanistic diversification of the
RNAi pathway among the trypanosomatid protozoa. Whether
other protozoan parasites have developed specific adaptations
in the repertoire of RNAi genes is at present unknown.

siRNAs in T. brucei and L. (V.) braziliensis. The most direct
approach to gauge the biological role of the RNAi pathway is
to survey the repertoire of small 20-to-30-nt noncoding RNAs
(Table 1). In T. brucei, the major classes of siRNAs are derived
from retroposons and repeats (17, 48), but recent deep se-
quencing has expanded the repertoire to include regions of the
genome with the potential to produce dsRNA, namely, regions
at the ends of convergent transcription units and long inverted
repeats (unpublished observations). Furthermore, a recent re-
port has identified siRNA-like molecules derived from vari-
able-surface glycoprotein pseudogenes (69). Thus, in T. brucei,
the repertoire of endogenous siRNAs is remarkably similar to
that of higher eukaryotes, such as Drosophila and mouse (46,
68). So far, deep sequencing of small RNAs associated with
TbAGO1 has not revealed potential miRNAs in insect-form T.
brucei (unpublished data), although a few miRNA candidates
were identified bioinformatically but were never confirmed to
be expressed (39).

In similarity to the results seen with T. brucei, abundant
siRNAs derived from the SLACS (Spliced Leader Associated
Conserved Sequence) retroposon family accumulate in L. (V.)
braziliensis (37). However, the full repertoire of siRNAs has so
far not been explored in this organism.

E. histolytica small RNAs. There is a population of siRNA-
like molecules in E. histolytica with an unusual 5�-polyphos-
phate end (75), a feature that indicates that these molecules

FIG. 2. RNAi in T. brucei. The Dicer-like enzymes DCL2 and
DCL1 process long RNA duplexes (dsRNA) derived from sense and
antisense transcripts from retroposons and repeats into siRNA du-
plexes in the nucleus and the cytoplasm, respectively. Argonaute
(AGO1) is programmed with single-stranded “guide” siRNA, follow-
ing siRNA strand separation, loading, and modification, to form the
RNA-induced silencing complex, or RISC.
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are produced via transcription by an RNA polymerase rather
than by Dicer cleavage. Consequently, there is the possibility
that these small RNAs represent secondary siRNAs, which
have so far been described only in C. elegans and plants (10).
Most of the amoebic siRNAs are antisense to coding regions,
and they have been proposed to downregulate gene expression
in a strain-specific fashion. At present, nothing is known about
the mechanism generating these putative secondary siRNAs; it
remains to be seen whether primary siRNAs exist in E. histo-
lytica.

G. intestinalis small RNAs. G. intestinalis accumulates
siRNA-like molecules derived from one retroposon family en-
riched at telomeres (64) and has been shown to harbor at least
one miRNA (miR2), most likely derived from Dicer processing
of a small nucleolar RNA (53), and additional putative
miRNAs were identified by deep sequencing (15). The potential
in vivo mRNA target(s) of miR2 has been identified only bioin-
formatically, but reporter gene assays indicate that miR2 in-
hibits translation, which instead appears to be the primary
mode of action of miRNAs in higher eukaryotes, rather than
provoking destabilization of the target mRNA (28). Further-
more, the RNAi pathway in G. intestinalis has been linked to
antigenic variation and small regulatory RNAs have been im-
plicated in this phenomenon (50). Downregulation of G. intes-
tinalis Dicer or RdRP, via an antisense RNA approach, gen-
erated cells expressing two or more variant-specific surface
protein genes at one time. Mechanistic details are, however,
not yet available.

T. gondii small RNAs. Deep sequencing of small RNAs in T.
gondii has revealed siRNAs derived from repeats and satellite
DNA, genomic regions carrying the hallmarks of heterochro-
matin, and miRNAs with metazoan features (14). Although
the association of these small RNAs with TgAGO1 has been
confirmed, at present we do not know what the in vivo targets
of miRNAs are and what the consequences are of deleting the
RNAi pathway in T. gondii.

Conclusions. Although still sketchy, the emerging picture
suggests that, as in other eukaryotes, the RNAi pathway plays
diverse roles in the biology of protozoan parasites. The classi-
cal and perhaps ancestral role of RNAi in promoting genome
stability by silencing mobile elements and repeats is strongly
supported in T. brucei and L. (V.) braziliensis and most prob-
ably takes place in G. intestinalis. RNAi in these organisms is
likely to have a role in heterochromatin formation, as sug-
gested by the observation of chromosome segregation defects
in AGO1-null T. brucei (20, 21) and the report from a T. gondii
study that the major classes of siRNA are derived from het-
erochromatic regions enriched in repeats and satellite DNA
(14). The presence of 5� polyphosphate small RNAs in E.
histolytica is intriguing (75), but at present hypotheses concern-
ing the biosynthetic pathway and the mode of action in regu-
lating gene expression remain speculative. Finally, miRNAs
with regulatory potential have been identified in studies of G.
intestinalis (53) and T. gondii (14), suggesting that the single
AGO protein in these organisms is likely to perform double
duty by controlling genome homeostasis via the siRNA path-
way and by regulating gene expression at the posttranscrip-
tional level via the miRNA pathway.

LOSS OF THE RNAi PATHWAY

From the available evidence, it is clear that RNAi deficiency
arose independently a number of times through the eukaryotic
lineage, for instance, in fungi (19) and in apicomplexan and
trypanosomatid protozoa (37). In the latter organisms, data
from a protein-based phylogenetic tree support the notion that
RNAi pathway genes have been lost at least twice and inde-
pendently during evolution of the trypanosomatid lineage,
once at an unknown point in the branch leading to T. cruzi and
a second time after the divergence of the Viannia subgenus
from other Leishmania species (37). A similar analysis is not
yet available for the apicomplexan parasites, with T. gondii
being the only member of this group with a functional RNAi
pathway. Inspection of the available trypanosomatid genome
sequences reveals that, in T. cruzi, no recognizable remnants
of DCL1, DCL2, or AGO1 homologues are present (23),
whereas, in Old World Leishmania species, Dicer homologues
are absent but the AGO1 locus is occupied by a badly mangled
pseudogene (49). While the L. major AGO1 pseudogene has
the potential to code for two polypeptides of �100 and 200
amino acids, these putative open reading frames (ORFs) are
not conserved in the corresponding L. infantum pseudogene
(unpublished). Thus, it is unlikely that AGO1 pseudogenes
code for functional polypeptides. The mechanisms leading to
disappearance of the RNAi genes in organisms where there
are no recognizable traces of their past presence are unknown,
although chromosomal rearrangements may have contributed
to their loss. In the future it will be interesting to survey the
genomes of other lesser-known trypanosomatids to determine
whether RNAi deficiency arose more than twice in this group
of organisms.

It was recognized early on that RNAi has a widespread role
in silencing parasitic nucleic acids, such as those of mobile
elements and certain RNA viruses, and thus contributes to the
maintenance of genome stability and to the prevention of viral
spread. It has been argued that, in organisms where mobile
elements have decayed over long evolutionary times and have
become nonfunctional, the RNAi pathway no longer offers a
selective advantage and can be lost without major conse-
quences (19). Indeed, among the protozoan parasites there
appears to be a correlation between the absence of mobile
elements in the genome and RNAi deficiency. For instance,
RNAi-negative Old World Leishmania and P. falciparum are
devoid of such elements. In contrast, the genomes of African
trypanosomes and L. (V.) braziliensis are rich in retroposon
elements, some of which appear to be intact and have the
potential for retroposition. Interestingly, genetic ablation of
the RNAi pathway in T. brucei resulted in genomic rearrange-
ments of the SLACS retroposon elements (47). The exception
to this rule is RNAi-deficient T. cruzi, whose genome is rich in
sequences resembling mobile elements. T. cruzi may be in a
“transition” state where transposition/retroposition is minimal
or not taking place, or perhaps other mechanisms are in place
to inhibit movement of mobile elements.

Viral invasion has been proposed as a selective force to drive
loss of the RNAi pathway both in yeast species (19) and in Old
World Leishmania species (12, 37). Additionally, in Leish-
mania, loss of the pathway may have contributed to increase
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genome plasticity and to alter virulence (see reference 37 for
an in-depth discussion of this topic).

RNAi AS A TOOL

RNAi proved quickly to be an immensely useful tool for
studying gene function in almost all organisms that possess the
required set of proteins of the interference pathway. Following
the initial discovery of RNAi in T. brucei (44), researchers took
immediate advantage by developing RNAi technology as the
method of choice for achieving downregulation of gene expres-
sion, either for individual genes or for the entire genome. The
fast-paced evolution of RNAi technology for T. brucei was
driven in part by the development of vectors for inducible and
heritable expression of toxic gene products (initially designed
for proteins and later for long double-stranded RNA) in the
laboratories of Christine Clayton (70) and George A. M. Cross
(71) and by studying the endogenous components required to
achieve efficient RNAi (21, 48, 55, 56).

The use of RNAi in T. brucei for reverse genetics approaches
has exploded (Fig. 1), and there were two initial studies that
are deserving of special attention for the efforts of the re-
searchers to expand the method to a small-scale screen. A
multilaboratory collaboration (62) heroically performed a sys-
tematic RNAi gene function screen for the entirety of chro-
mosome 1 of T. brucei bloodstream parasites. They analyzed
210 genes, and RNAi knockdown of 33% of the genes pro-
duced a significant phenotype. Growth and cell cycle defects
were observed for 23% and 16% of the genes, respectively, and
6% of the knockdowns displayed alterations in both growth
and cell cycle progression. RNAi targeting of 12% of the stud-
ied ORFs was lethal. The second screen, which was performed
in the laboratory of Christine Clayton (72), targeted 37 genes
containing an RNA-recognition motif (RRM) in both procyclic
and bloodstream-form trypanosomes. Knockdowns of 8 of
these RRM proteins resulted in a strong growth defect in
bloodstream T. brucei cells, and downregulation of 9 others
produced mild growth inhibition. RNAi knockdown for 7 of
the studied genes modestly affected growth in procyclic cells.

On the other hand, the potential of RNAi for forward ge-
netics screens in studies of T. brucei and other RNAi-positive
protozoan parasites has not been fully unleashed. Even though
the genome-wide approach was pioneered in T. brucei studies
(43), to date the use of such screens for gene function discovery
and drug target validation has been limited and trails behind
the ever-faster and more widely ranging RNAi genome-wide
screen methodologies for mammalian cells, Drosophila, and
nematodes (13).

The very first genome-wide RNAi screen was performed in
the laboratory of Paul Englund in a search for genes that
modulate expression and posttranslational modification of the
surface coat proteins EP procyclins in T. brucei (43). It relied
on the generation of an RNAi plasmid library for producing
double-stranded RNA from genomic DNA fragments. The
DNA was fragmented by sonication to an average length of �1
kbp and was placed between opposing T7 RNA polymerase
promoters. In the resulting library, the average size of plasmid
inserts was �0.66 kbp. Astonishingly, the hexokinase 1 gene
was identified as a regulator for the switch in expression from
the glycosylated EP procyclins to the unglycosylated GPEET

procyclins and revealed an unanticipated link between glycol-
ysis and surface coat protein expression. This RNAi library was
subsequently used in several screens addressing different as-
pects of T. brucei biology. First, knocking down hexose trans-
porters rendered trypanosomes resistant to the drug tuberci-
din, and this drug acted by inhibiting the glycolytic pathway
(18). Second, by isolation of 1,400 trypanosome clones and
screening for loss of kinetoplast DNA (kDNA), a protein com-
ponent (named p166) of the kDNA segregation molecular
machinery was identified and characterized (78). Third, 204
clonal cell lines were analyzed to identify novel regulators of
the T. brucei cell cycle (42), which resulted in the identification
of TOR1- and TOR2-like kinases. Finally, a screen to identify
genes responsible for maintaining mitochondrial membrane
potential selected 20 clones, with the surprising result that only
a telomerase-associated protein emerged as a possible candi-
date for the observed phenotype (66).

The only other genome-wide RNAi library for T. brucei was
generated recently in the laboratory of Isabel Roditi (54) by
digestion of genomic DNA with restriction enzymes and inser-
tion of 0.5-to-2-kbp fragments into a vector with opposing T7
promoters. It was used to identify the TbAT1 adenosine trans-
porter and the AAT6 amino acid transporter as responsible for
the uptake of the drugs melarsoprol and eflornithine, respec-
tively. The involvement of AAT6 in uptake of eflornithine was
also verified in a separate screen using the Englund RNAi
library (9), a study that also validated previous observations
that the gene coding for nitroreductase is involved in rendering
the drug nifurtimox toxic to trypanosomes.

RIT-Seq. A giant leap forward in the evolution of RNAi
screening technology for trypanosomes was the development
in the laboratory of David Horn of the RIT-Seq method (RNA
Interference Target Sequencing) (6). The strategy artfully
combines the powers of genome-wide RNAi screens (in this
particular case, employing the Englund RNAi library) with the
strength of Illumina genome sequencing for identifying, at the
same time and in the same pool of cells, all genes potentially
associated with loss of fitness. It relies on massively parallel
sequencing of tags from the RNAi library present in the se-
lected cell population to reveal gaps (or “cold spots”) of
genomic coverage that correspond to genes whose knockdown
is detrimental to the parasite under the conditions tested. Us-
ing this powerful new tool, Alsford and colleagues identified
1,972 genes with a loss-of-fitness knockdown phenotype in
procyclic trypanosomes and 1,908 and 2,724 genes with a loss-
of-fitness phenotype in bloodstream trypanosomes cultured for
3 and 6 days after RNAi induction, respectively, as well as
2,677 genes whose downregulation led to loss of fitness during
the differentiation from bloodstream to procyclic forms (6).
Valuable insights concerning the function of specific gene
groups were obtained in the course of the analysis. This revo-
lutionary method with exceptional potential could possibly be
used to link a specific phenotype (if an appropriate selection
procedure is devised to enrich for cells exhibiting the feature)
with downregulation of specific genes, resulting in what would
be considered a “hot spot” in the genomic sequencing coverage
of RNAi library tags.

Perspectives on RNAi screens. What improvements in effi-
ciency of RNAi screens are needed in the near future? The
current genomic DNA insert libraries (43, 54) need to provide
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severalfold coverage of the genome (5-to 10-fold for the plas-
mid library and �5-fold for the transfected trypanosome cells),
resulting in a requirement for a large number of trypanosome
clones on the order of 3 � 105. There have already been
improvements in the efficiency of transfection protocols and
the use of strains with better plasmid integration efficacy, such
as the I-SceI meganuclease-expressing cell line generated in
David Horn’s laboratory (6, 26). Another avenue for explora-
tion is the generation of genome-wide systematic RNAi librar-
ies, with the help of the recently determined boundaries of
genes obtained through the use of RNA-Seq (35, 45, 58). The
number of individual cell lines needed to provide systematic
genome-wide coverage (�104), as well as the number of trans-
formants in pooled experiments (�5 � 104 for 5-fold cover-
age), thus will be greatly reduced. The systematic libraries
would also cover the 1,114 transcripts newly identified by Kolev
et al. (35) that are currently not distinguished from neighbor-
ing genes when scoring for genes with a knockdown phenotype.
The integration site should be a single locus characterized in
the T. brucei genome that negates all of the different epigenetic
effects of the surrounding chromatin on expression of the dou-
ble-stranded RNA construct (5). The trigger for RNAi should
ideally be generated as a hairpin instead of as sense and anti-
sense transcripts produced from opposing T7 RNA polymerase
promoters. Tet-regulatable T7 promoters may be “leaky,” a
problem that is not as pronounced with the RNA polymerase
I promoters used to inducibly express long RNA hairpins. A
new method for single-step hairpin cloning is required to fa-
cilitate the generation of a long-hairpin RNAi library, which
would allow these superior RNAi triggers to be expressed from
any integratable (or episomal) plasmid construct that provides
tightly controlled expression. Recently, a protocol that com-
bines a single cloning step with an in vitro recombination
reaction in a specially constructed plasmid vector (pTry-
pRNAiGate) was described and tested using bloodstream-
form T. brucei and is also suitable for knockdowns in procyclic
cells (33). Last, the specific goals (or screening parameters) for
genome-wide screens should be better and more narrowly de-
fined, which would make the results easier to interpret and
lead to faster assignment of function to specific gene products
(proteins or noncoding RNAs).

It was recently demonstrated that RNAi is functional in
some Leishmania species (37). Development of RNAi tools in
these parasites has been lagging, primarily for the single reason
that there is currently no Leishmania system available for in-
ducible expression of toxic gene products (proteins or dsRNA).
The development of such an enormously valuable resource
would undoubtedly allow research on Leishmania gene func-
tion to expeditiously adopt and benefit from the RNAi meth-
ods developed for T. brucei functional genomics.

Research into the mechanism of RNAi and attempts to use
it as a tool for functional genetics in G. intestinalis and T. gondii
are also in its infancy. The only other protozoan parasite with
a well-studied but still not completely understood RNAi sys-
tem is E. histolytica (75). The emerging theme is that long
dsRNA (or the expression of long antisense transcripts that
base pair with the target to form long dsRNAs) is an excellent
trigger for RNAi not only in trypanosomes but also in E.
histolytica (77), G. intestinalis (51), and T. gondii (4).

RECONSTRUCTION OF THE RNAi PATHWAY IN RNAi-
NEGATIVE ORGANISMS

Perhaps the most exciting (and, at the same time, the most
challenging) opportunity for new applications of RNAi tech-
nology is the transformation of RNAi-negative protozoan par-
asites into RNAi-positive organisms by the introduction of a
required minimal set of RNAi machinery transgenes. This
would inevitably energize any functional genetics/genomics
studies of such species. Although for protozoan parasites this is
still in the realm of hypothesis, there is a precedent for a
successful conversion to RNAi proficiency in Saccharomyces
cerevisiae studies (19, 63). This was achieved through the use of
two different sources of RNAi machinery genes. In the first
approach, introduction of only two genes (Dicer and Argo-
naute from a related budding yeast species, S. castellii) was
sufficient for the successful downregulation of both a reporter
transcript targeted by siRNAs (even in yeast species, long
hairpin dsRNA produces siRNAs more efficiently than sense
and antisense RNA pairs synthesized from opposing promot-
ers) and endogenous retrotransposons (19). In the second ap-
proach, the genes encoding human Dicer, AGO2, and TRBP
(TAR RNA-Binding Protein) were capable of reconstituting
RNAi for use against reporter green fluorescent protein (GFP)
mRNA (63).

Successful engineering of RNAi in deficient protozoan par-
asites may require many different attempts. One approach
could be the introduction of budding-yeast Dicer and Argo-
naute (the apparently most minimalist RNAi machinery known
to date), although the possibility exists that additional factors
(e.g., dsRNA-binding proteins) present in the RNAi-negative
recipient may be required to cooperate with transplanted Di-
cer and AGO. The introduction of RNAi machinery genes
from closely related parasites may be a better option; however,
the precise number of essential RNAi genes for any protozoan
parasite is at present unknown, and the number of character-
ized genes recognized to be involved in the mechanism of
RNAi is still growing. Expression levels of the RNAi trans-
genes should be coordinated in a way that reflects relative
protein abundances in the donor parasite. Alternative ap-
proaches, for instance, expression of double or even triple
fusions (36) of RNAi factors, e.g., Dicer-AGO or Dicer-AGO-
dsRNA binding protein, can be used to achieve this goal.

Obviously, reconstruction of the RNAi pathway in organ-
isms such as Plasmodium species and L. major presents a
challenge but would bring about enormous benefits, as clearly
manifested by the major impact RNAi has had in the past
decade in T. brucei studies (Fig. 1). At the same time, proto-
zoan parasites with RNAi machinery must be explored to the
fullest to achieve a comprehensive understanding of gene func-
tion.
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