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genome segments bearing these genes are highly conserved 
and syntenic, even among those taxa in which they are 
absent. However, taxa in which these genes are apparently 
absent represent several widely divergent branches of kine-
toplastids, arguing that these genes were independently lost 
at least six times in the evolutionary history of these organ-
isms. The mechanisms responsible for the apparent coor-
dinate loss of these RNAi system genes independently in 
several lineages of kinetoplastids, while being maintained 
in other related lineages, are currently unknown.
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Introduction

The phenomenon of double-stranded RNA-induced gene 
silencing known as RNA interference (RNAi) is widely 
spread among metazoans and plays critical roles in a myr-
iad of life-associated processes in those organisms. The 
RNAi system has been hypothesized to have originally 
evolved to down-regulate dsRNA-borne genes in invading 
viruses, retrotransposons, or other less well-known mech-
anisms (Agrawal et  al. 2003; Malone and Hannon 2009). 
However, in many eukaryotes, the system has been co-
opted for regulation of cellular processes (Ketting 2011; 
Hutzinger and Izaurralde 2011). Since the RNAi pathway 
is operational in most if not all modern eukaryotes, it is 
assumed to have been present in the common progenitors 
of these organisms. Therefore, the absence of genes central 
to the RNAi pathway from the genomes of several kine-
toplastids, as well as some other protozoans (Cerutti and 
Casas-Mollano 2006), is intriguing. Since many kinetoplas-
tids are parasitic and have important impacts on human, 

Abstract  We screened the genomes of a broad panel of 
kinetoplastid protists for genes encoding proteins asso-
ciated with the RNA interference (RNAi) system using 
probes from the Argonaute (AGO1), Dicer1 (DCL1), and 
Dicer2 (DCL2) genes of Leishmania brasiliensis and Crith-
idia fasciculata. We identified homologs for all the three 
of these genes in the genomes of a subset of these organ-
isms. However, several of these organisms lacked evidence 
for any of these genes, while others lacked only DCL2. The 
open reading frames encoding these putative proteins were 
structurally analyzed in silico. The alignments indicated 
that the genes are homologous with a high degree of con-
fidence, and three-dimensional structural models strongly 
supported a functional relationship to previously charac-
terized AGO1, DCL1, and DCL2 proteins. Phylogenetic 
analysis of these putative proteins showed that these genes, 
when present, evolved in parallel with other nuclear genes, 
arguing that the RNAi system genes share a common pro-
genitor, likely across all Kinetoplastea. In addition, the 
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plant, and animal health, and the RNAi pathways have 
become important components of many therapeutic strate-
gies (Vaishnaw et  al. 2010; Davidson and McCray 2011), 
these processes have additional importance for this group 
of organisms. The major participants in the otherwise quite 
complex RNAi system are the RNAse III endonuclease 
Dicer, frequently represented by two distinct gene prod-
ucts (DCL1 and DCL2) that function in the nucleus and 
cytoplasm, respectively; and Argonaute (AGO1), which 
recruits RNAs to be digested by Dicer (Wilson and Doudna 
2013). These proteins mediate cleavage of target dsRNA 
precursors to generate mature active populations of 20–26 
nt small RNAs. These mature siRNAs are responsible for 
degradation of target mRNAs and for mediating the other 
regulatory activities of the RNAi pathway.

Some eukaryotes apparently lack the genes encoding 
Dicer and Argonaute, and are thought to lack the RNAi 
pathway (Cerutti and Casas-Mollano 2006). Where this has 
been empirically examined, organisms lacking the Dicer 
and Argonaute genes do not exhibit the expected panel of 
siRNAs, and are unable to degrade RNA targets of short 
complementary RNAs (Shi et  al. 2004). Previous focused 
studies of some species of trypanosomatids demonstrated 
that those organisms apparently missing these genes lack 
significant RNAi activity (Ullu et  al. 2004; Lye et  al. 
2010). In the study described herein, we have examined the 
genomes of a broad range of species from the class Kine-
toplastea, including free-living species, plant pathogens, 
insect parasites, and vertebrate parasites, for the presence 
of Dicer and Argonaute. Our data suggest that the progeni-
tor of the Kinetoplastea bore genomic copies of the Dicer 
and Argonaute genes, but that many modern descendants 
of these progenitors have lost these genes. Examination 
of current phylogenetic relationships of these organisms 
argues that loss of these genes has been largely coordinate 
and has occurred independently several times in the lineage 
of kinetoplastids, suggesting a possible sporadic exertion of 
a positive, selective pressure for loss of the RNAi system.

Materials and Methods

Genome and Gene Sequences

All organisms studied in this work together with the Gen-
Bank accession numbers for their genomes and RNAi-
related genes (where applicable) are listed in Table  1. 
Access to the unpublished draft genomes analyzed in this 
study can be obtained by contacting the corresponding 
author. The organisms included in this study are cryopre-
served at the trypanosomatid culture collection (TCC) of 
the University of São Paulo, Brazil.

Identification of Gene and Protein Sequences

The AGO1, DCL1, and DCL2 gene sequences from each of 
the above genomes were identified by BLAST (tBLASTn) 
alignments using the experimentally confirmed gene 
sequences from L. braziliensis and C. fasciculata (Lye 
et  al. 2010), kindly provided prior to their publication, 
and their ORFs were manually extracted. Probe sequences 
derived from these strains and used for identification 
of APRT (adenine phosphoribosyl transferase), GSH1 
(γ-glutamylcysteine synthetase), and PTR1 (pteridine 
reductase 1), which were used for phylogenetic analysis of 
all organisms analyzed regardless of the RNAi system pres-
ence, were acquired from GeneDB (http://www.genedb.
org). Whenever necessary, the integrity of the imperfect 
ORFs was confirmed by the PCR-amplifying problematic 
regions internal to the gene followed by sequencing. The 
completeness of ORFs thus obtained was confirmed by 
identifying the first in-frame termination codon upstream 
of the deduced gene sequence.

Phylogenetic Analysis

Protein sequences were aligned using ClustalW2 (Larkin 
et  al. 2007), and alignments were edited using Gblocks 
(Castresana 2000) to remove regions of ambiguity. Maxi-
mum likelihood phylogenetic inferences were performed 
by means of RAxML v. 8.2.4 (Stamatakis 2006) using 
the PROTGAMMAWAGF substitution model (empirical 
model WAG) (Whelan and Goldman 2001), with gamma-
distributed heterogeneity rate categories and estimated 
empirical residue frequencies, as determined by RAxML’s 
automatic model selection when used in preliminary runs. 
Two hundred best-tree searches were performed for each 
alignment, and the tree with best likelihood found was kept. 
RAxML’s rapid bootstrap was performed with 100 pseudo-
replicates, and support is only shown for branches with 
support of at least 50. Trees were drawn using Dendroscope 
(Huson et al. 2007).

Structural Alignments and Conservation

The secondary structure and molecular surface of puta-
tive AGO1 and DCL1 proteins were generated and com-
pared according to sequence conservation. In brief, proteins 
with significant structural homology were initially identi-
fied and aligned using the mGenTHREADER algorithm of 
the PSIPRED protein structure prediction server (McGuf-
fin et  al. 2000) and Clustal Omega (Sievers et  al. 2011), 
respectively. The results of these comparisons were illus-
trated using the molecular visualization software Pymol 
(DeLano 2013). Sequence conservation (percent iden-
tity) for each residue within the reference template was 

http://www.genedb.org
http://www.genedb.org
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calculated (gaps were not considered for alignment), and 
the secondary structure and corresponding molecular sur-
face were colored as follows: residues that were highly con-
served (81–100% identity) were colored red, less conserved 
(61–80%) colored blue, still less (41–60%) green, and 
poorly conserved residues (21–40%) are shown in gray. No 
residues were less than 20% conserved among the struc-
tural homologs.

Synteny Analyses

The genomic contexts of the RNAi genes analyzed in this 
work were determined by either analysis of precomputed 
orthology relationships and synteny maps present in the 

TriTrypDB database (Aslett et  al. 2010), with manual 
adjustment of the final maps for presentation purposes, or 
by BLAST similarity analysis. The latter was performed to 
investigate synteny of the genomic regions for unpublished 
draft genome sequences analyzed herein. Annotated genes 
found flanking Argonaute or Dicer genes were selected in 
the published genomes of C. fasciculata Cf-C1 (http://tri-
trypdb.org/), or Trypanosoma brucei TREU927 (Berriman 
et al. 2005) (“guide genomes”) were used as probes against 
genomic contigs from draft genomes. The identified contigs 
were examined using TBLASTN to find all putative genes 
present. Any genes present in the draft genomes that were 
not present in the two guide genomes were then added to 
the set of probes and searched against all other genomes in 

Table 1   Genome and gene sequences of kinetoplastids tested for the presence of RNAi-associated genes

Abbreviations used in the Table: pp—genome sequences were generously provided pre-publication by the Euglenozoan Genome Consortium 
(see Acknowledgements)
Genome sequences of strains with shown accession numbers were previously published (Alves et al. 2013a, b). Other sequences used herein 
were obtained from TriTrypDB (Aslett et al. 2010)
Strains of L. major (MHOM/IL/80/Friedlin), L. braziliensis (MHOM/MHOM/BR/75/M2904), C. fasciculata (CFACl_0070011200), T. bru-
cei brucei TREU927 (clone derived from GPAL/KE/70/EATRO 1534) and T. brucei gambiense DAL972 (clone derived from MHOM/CI/86/
DAL972) were used as a reference in this work

Strain Resource Genome accession number GenBank accession numbers for RNAi-related genes

AGO1 DCL1 DCL2

Leishmania major Friedlin. Ref. strain GCA_000002725
L. braziliensis M2904 Ref. strain GCA_000002845 ACI22628 XP001565111 XP_001565607
Crithidia fasciculata Cf-Cl Ref. strain GCA_000331325 ACD91648 KY351826 KY351827
C. acanthocephali TCC037E AUXI00000000 KT377047 KT377048 KT377049
Trypanosoma cruzi G pp
T. cruzi CL pp
T. cruzi 1994 (Tcbat) TCC1994 pp
T. cruzi marinkellei TCC 344 pp
T. conorhini TCC025E pp KT377056 KT377057 KT377058
T. lewisi TCC034 pp
T. dionisii TCC211 pp
T. rangeli AM80 TCC086 pp KT377059 KT377060 KT377061
T. erneyi TCC1946 pp
T. brucei b. TREU927 Ref. strain GCA_000002445 XP_823303 XP_847070 XP_843717
T. b. gambiense DAL972 Ref. strain GCA_000210295 XP_011778481 XP_011775511 XP_001565607
Bodo sp ATCC50149 pp KY305538 KY308193
Endotrypanum schaudinni TCC224 pp
Leptomonas costaricensis BR TCC169E pp KT377053 KT377054 KT377055
Parabodo caudatus ATCC30905 pp
Phytomonas sp. Jma TCCxxx pp
Angomonas deanei TCC036E AUXM00000000 KT377043 KT377044
A. desouzai TCC079E AUXL00000000 KT377045 KT377046
Strigomonas galati TCC219 AUXN00000000
S. culicis TCC012E AUXH00000000
S. oncopelti TCC 290E AUXK00000000
Herpetomonas muscarum TCC001E AUXJ00000000 KT377050 KT377051 KT377052

http://tritrypdb.org/
http://tritrypdb.org/
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the analysis. Finally, gene orders were manually compared 
and graphically displayed.

Results and Discussion

RNAi‑related Gene Sequences in Kinetoplastid 
Protozoa

Initial similarity searches of genomic sequences of kine-
toplastid protists using AGO1 and DCL1 and DCL2 

gene sequences from a variety of eukaryotic species were 
unproductive (data not shown). However, probing of these 
genomes with the putative AGO and DCL genes (AGO1, 
DCL1, and DCL2) from L. braziliensis and C. fasciculata 
(Lye et  al. 2010) permitted us to identify apparent AGO1 
and DCL homologs in a broad spectrum of organisms 
(Table 2).

Thus, Crithidia acanthocephali, Leptomonas costari-
censis BR, Trypanosoma conorhini, and T. rangeli AM80, 
like the African trypanosomes (Ngo et al. 1998), L. brazil-
iensis, and C. fasciculata (Lye et  al. 2010), harbor genes 

Table 2   Distribution of 
RNAi-associated genes in the 
kinetoplastid genome

Sequences of AGO1, DCL1 and DCL2 genes identified in Leishmania braziliensis and C. fasciculata 
genomes (Lye et al. 2010) were used as queries in searches of similarities; BLAST p values were based 
on amino acid sequences from L. braziliensis. In addition, T. brucei brucei TREU927, T. b. gambiense 
DAL972 and L. major Friedlin were used as reference strains (see Table 1)
Hosts are specified by the original source of organisms; however, some organisms, like T. cruzi strains G 
and CL, or, strains of Leishmania are pathogenic to humans. The organism of isolation for C. fasciculata, 
was likely a mosquito
This table includes incomplete data on Bodo sp. ATCC50149 proteins AGO1 and DCL1, whose genes have 
been identified in the genome. Due to the scarcity of the available material, it was not possible to obtain 
amino acid sequences that would form complete ORFs with presumably only small portions missing. It was 
found important though to include this organism, being the only free-living kinetoplastid with identified 
RNAi genes among those tested, in this work
Aa number of amino acids in the protein, Part partial open reading frame, NF not found

Strain Host Argonaute Dicer1 Dicer2

Aa Expect Aa Expect Aa Expect

Bodo sp. Free-living Part 6e-19 Part 2e-12 N.F
P. caudatus Free-living N.F N.F N.F
L. major Human N.F N.F N.F
L. braziliensis Human 898 0.0 2214 0.0 1330 0.0
T. cruzi G Opossum N.F N.F N.F
T. brucei brucei Diptera 903 1e-110 1648 2e-76 948 1e-11
T. b. gambiense Human 914 1e-103 1648 1e-76 946 8e-12
T. cruzi 1994 Bat N.F N.F N.F
T. cruzi CL Hemiptera N.F N.F N.F
T.cruzi marinkellei Bat N.F N.F N.F
T.dionisii Bat N.F N.F N.F
T. erneyi Bat N.F N.F N.F
T. rangeli AM80 Human 873 1e-100 1642 5e-71 941 3e-11
T. conorhini Rat 905 1e-102 1686 8e-74 937 1e-11
T. lewisi Rat N.F N.F N.F
E. schaudinni Sloth N.F N.F N.F
C. fasciculata Diptera 965 0.0 2240 0.0 1251 0.0
C. acanthocephali Hemiptera 931 0.0 2201 0.0 1499 0.0
L. costaricensis BR Hemiptera 959 0.0 2379 0.0 1316 0.0
H. muscarum Diptera 915 1e-144 2000 6e-84 1380 8e-14
Phytomonas sp. Jma Plant N.F N.F N.F
A. deanei Hemiptera 882 1e-114 1412 9e-71 N.F
A. desouzai Diptera 893 1e-120 1336 3e-81 N.F
S. galati Diptera N.F N.F N.F
S. oncopelti Hemiptera N.F N.F N.F
S. culicis Diptera N.F N.F N.F
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that encode proteins with significant similarity to all three 
targets; namely, AGO, DCL1, and DCL2. Herpetomonas 
muscarum also bears genes with high similarity to AGO 
and DCL1, but DCL2 aligns only poorly with a potential H. 
muscarum homolog. Similarly, we were only able to iden-
tify putative AGO1 and DCL1 genes in Angomonas deanei, 
A. desouzai, the African trypanosome Trypanosoma vivax, 
and a Bodo sp. isolate, suggesting the genomes of these 
organisms lack any genes with similarity to DCL2.

Other species of Kinetoplastea, notably T. cruzi, T. 
lewisi, T. dionisii, S. galati, S. culicis, S. oncopelti, Phyto-
monas sp., P. caudatus, and E. schaudinni (Table 2), exhib-
ited no genes with significant similarity to any of the known 
AGO or DCL genes, including those identified in this study 
(Table 2), even with sensitive searches designed to detect 
low levels of similarity. Since we were readily able to 
identify these genes in taxa closely related to these organ-
isms, these taxa apparently lack homologs for these genes 
and therefore apparently lack a functional classical RNAi 
pathway. A less-likely alternative is that the AGO and DCL 
genes have diverged at a higher rate in these organisms than 
they have in related taxa, and therefore are not detected 
in our similarity searches. Since we have no evidence for 
a differential rate of evolution of the genes in these organ-
isms, and similar searches readily identify orthologs of 
many other genes in their genomes (data not shown), our 
data strongly favor the hypothesis that genomes in which 
we fail to identify AGO and DCL homologs actually lack 
genes encoding orthologs of these proteins.

To further confirm that the absence of RNAi genes in 
these organisms is a result of evolutionary loss, we exam-
ined the synteny of the immediate genomic environment 
of these genes in each of these organisms. The results 
obtained demonstrate an obvious synteny of the genes 
both upstream and downstream from the AGO1 (Fig. S1), 
DCL1 (Fig. S2), and DCL2 (not shown) in all kinetoplastid 
genomes examined, irrespective of the presence or absence 
of these genes. These results are supported by the data from 
TriTrypDB (Aslett et  al. 2010) that have been performed 
with a number of genomes of organisms on that site and 
include AGO1 gene (Leishmania group, Fig. S3), AGO1 
(Trypanosoma group, Fig. S4), DCL1 gene (Fig. S5), and 
Dicer 2 gene (Fig. S6).

Out of about a dozen of T. cruzi strains examined, in 
addition to those included in Table  2, none displayed the 
presence of genes encoding for Argonaute or any of the 
Dicer proteins (not shown). T. rangeli AM80 (TCC086) 
reported herein, possesses the major components of the 
RNAi system in intact open reading frames (Table  2). 
Interestingly, Stoco et al. (2014) reported that the genome 
of T. rangeli SC-58, which is a rodent isolate representa-
tive of a different lineage (TrD) of this species (Grisard 
et  al. 2010), and which was isolated in a geographic area 

(Southern Brazil) distant from where (Brazilian Amazo-
nia) T. rangeli AM80 was isolated from human (Maia da 
Silva et  al. 2004), bears only pseudogenes of the RNAi-
related genes. It is possible that this apparent difference is 
due to the incompleteness of the T. rangeli SC-58 assem-
bly. However, Lye et al. (2010) reported that some species 
of Leishmania have functional RNAi systems, including 
intact AGO and DCL genes, whereas other species in the 
genus lack these genes and their activities. Thus, for rea-
sons yet to be clarified, the evolutionary pressures, if any, 
responsible for abandonment of the RNAi functions can be 
expressed differentially within different species in a given 
genus. This conclusion is only minimally tempered by the 
fact that the definition of species among the kinetoplastid 
protozoa remains to be clarified.

In silico Structural Analysis of the Putative Argonaute 
and Dicer Homologs

The putative AGO and DCL protein sequences described 
above were aligned to homologous sequences from T. 
brucei and L. braziliensis and other available Argonaute 
and Dicer sequences from the protein database, using the 
conserved domain architecture retrieval tool (see “Mate-
rials and Methods” section). The alignment of the AGO1 
orthologs revealed the presence of the most conserved PAZ 
and PIWI domains (Fig S7) typical of Argonaute proteins 
(Ullu et al. 2004; Hutvanger and Simard 2008; Ender and 
Meister 2010). Other domains, including the N-terminalor 
MID domain usually found in AGO proteins (Song and 
Joshua-Tor 2006; Boland et  al. 2011), were not readily 
identified. In contrast, only the RNAse III terminal domain 
(RIBOc) was sufficiently conserved to be clearly identified 
on all trypanosomatid Dicer1 protein sequences (Fig. S8). 
Other components conferring functional activity of Dicer 
proteins (Cerutti and Casas-Mollano 2006) were not iden-
tifiable by this approach. These results argue that, as has 
been found in other eukaryotes, the RNAi components in 
trypanosomatids are quite divergent, and that Dicer1, the 
“simplistic” domain architecture of which has been demon-
strated for T. brucei (Shi et al. 2006), is less conserved than 
AGO1.

To further confirm the identity of these proteins as 
Argonaute and Dicer homologs, we compared in silico-
generated 3D maps of the newly identified proteins to in 
vitro-generated 3D structures of known orthologs of these 
proteins. This analysis confirmed that both these proteins 
were Argonaute and Dicer homologs and also yielded 
results supporting a high level of divergence among these 
proteins. Thus, the best matches for the 3D structure 
of AGO1 were from bacterial or archaean Argonautes 
(Table  3), where this protein binds DNA preferentially to 
RNA (Swarts et al. 2014). However, this observation may 
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be due to the relative paucity of the database of crystallized 
AGO1 and Dicer proteins.

Figure  1 illustrates an overlay of the aligned protein 
sequences of the AGO1 genes on the 3D crystal structure 
of the AGO1 protein from the archaean Thermus thermo-
philus. The overlay is color coded according to the level 
of conservation of the amino acid sequence. Continuous 
regions of high (40–100%) structural conservation are 
observed on both lobes of the AGO1 protein, coincident 
with those sequences known to interact with the guide 
RNA. These sequences correspond to the nucleic-acid-
binding pocket located between PAZ- and PIWI-containing 

lobes, as described for Argonaute proteins from both 
prokaryotic and eukaryotic origins (Wang et  al. 2008; 
Boland et  al. 2011; Nakanishi et  al. 2012). Since both 
domains were identified for all trypanosomatids, this con-
servation pattern further strongly supports the conclusion 
that these genes are orthologs of the Argonaute genes in the 
genomes of these protozoans.

In contrast to the putative AGO1 homologs, no direct 
structural match was observed for the Dicer proteins, prob-
ably because of the poor representation of structures within 
the available data and the generally higher level of diver-
gence of the corresponding genes. Therefore, we performed 

Table 3   Structural alignment 
hits for AGO1 within RNAi-
positive trypanosomatids 
(organism/group/net score/p-
value)

Profile-profile alignments, fold recognition and identification performed with mGenTHREADER, as pro-
vided by Protein Structure Prediction Server (psipred), http://bioinf.cs.ucl.ac.uk/psipred/

Angomonas deaneí
Thermus thermophilus/Bacteria/144.745/1e-13
Aquifex aeolicus/Bacteria/133.144/2e-12
Pyrococcus furiosus/Archaea/119.083/5e-11
Archaeoglobus fulgidus/Archaea/88.365/6e-08
Neurospora crassa/Fungi/85.92/1e-07

Angomonas desouzai
Thermus thermophilus/Bacteria/132.324/2e-12
Aquifex aeolicus/Bacteria/121.194/3e-11
Pyrococcus furiosus/Archaea/110.411/4e-10
Neurospora crassa/Fungi/74.942/1e-06
Archaeoglobus fulgidus/Archaea/73.297/2e-06

Crithidia acanthocephali
Thermus thermophilus/Bacteria/133.862/2e-12
Aquifex aeolicus/Bacteria/116.165/9e-11
Pyrococcus furiosus/Archaea/113.010/2e-10
Neurospora crassa/Fungi/81.393/3e-07
Archaeoglobus fulgidus/Archaea/77.951/7e-07

Herpetomonas muscarum
Thermus thermophilus/Bacteria/139.978/4e-13
Aquifex aeolicus/Bacteria/118.653/5e-11
Pyrococcus furiosus/Archaea/116.433/9e-11
Archaeoglobus fulgidus/Archaea/76.701/9e-07
Neurospora crassa/Fungi/72.209/3e-06

Leishmanía brazilíensis
Thermus thermophilus/Bacteria/135.176/1e-12
Pyrococcus furiosus/Archaea/104.827/1e-09
Aquifex aeolicus/Bacteria/98.940/5e-09
Neurospora crassa/Fungi/61.799/3e-05
Homo sapiens/Mammalia/61.407/3e-05

Leptomonas costarícensis BR
Thermus thermophilus/Bacteria/140.450/3e-13
Pyrococcus furiosus/Archaea/103.086/2e-09
Aquifex aeolicus/Bacteria/97.137/8e-09
Neurospora crassa/Fungi/78.719/6e-07
Archaeoglobus fulgidus/Archaea/72.818/2e-06

Trypanosoma conorhini
Thermus thermophilus/Bacteria/165.365/1e-15
Pyrococcus furiosus/Archaea/131.683/3e-12
Aquifex aeolicus/Bacteria/131.350/3e-12
Archaeoglobus fulgidus/Archaea/104.903/1e-09
Neurospora crassa/Fungi/88.926/5e-08

Trypanosoma rangeli AM80
Thermus thermophilus/Bacteria/171.037/3e-16
Pyrococcus furiosus/Archaea/142.483/2e-13
Aquifex aeolicus/Bacteria/138.705/5e-13
Archaeoglobus fulgidus/Archaea/101.867/3e-09
Neurospora crassa/Fungi/94.733/1e-08

Fig. 1   Structural conserva-
tion of Argonaute proteins 
within kinetoplastid strains. 
AGO1 protein sequences from 
nine trypanosomatid strains 
aligned with the corresponding 
sequence from T. thermophilus 
and superimposed on its 3D 
model derived from the crystal 
structure. Conservation levels 
shown in different colors. The 
proposed nucleic-acid-binding 
pocket is indicated

http://bioinf.cs.ucl.ac.uk/psipred/
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a superimposition of multiple-aligned sequences on the 3D 
structure of the human Dicer (Fig. 2). Regions of high con-
servation were observed in those parts of the molecule that, 
according to the reconstruction of the architecture (Lau 
et al. 2012), should harbor RNAseIII- and dsRNA-binding 
domains (Fig. 2, lower middle portion of the model, which 
is the proposed nuclease core of the enzyme), while the 
high-conservation area illustrated on the upper part of the 
model as shown may represent PAZ-like or a Platform-like 
domain, necessary for the capture and cleavage control of 
the dsRNA precursor (MacRae et  al. 2007). The periph-
eral sequences of the putative trypanosomatid Dicer pro-
teins exhibit low conservation, on the one hand, confirm-
ing the high divergence suggested for this enzyme, and on 
the other hand, highlighting the biased conservation pattern 
of the proposed PAZ (Platform) positioning. Overall, these 
structural analyses strongly support the identification of 
these genes as Argonaute and Dicer homologs.

Phylogenetic Analysis of RNAi‑Associated Genes From 
Kinetoplastid Protozoa

Putative AGO1 and DCL1 homologs from all species 
from which they have been identified were extracted. The 
protein sequences of these genes were generated in sil-
ico, aligned, and then subjected to phylogenetic analysis 
(Fig. 3). In general, the phylogenies of the RNAi-associated 
proteins that were identified as AGO and DCL1 orthologs 
were quite similar to the previously published phyloge-
nies (e.g., Teixeira et  al. 2011; Lima et  al. 2012), as well 
as to those based on phylogenies of the housekeeping pro-
teins APRT (adenine phosphoribosyl transferase), GSH1 

(γ-glutamylcysteine synthetase), and PTR1 (pteridine 
reductase 1) (Fig. 4). Together, these results argue that the 
RNAi-associated genes AGO and DCL1 likely evolved in 
parallel with their ‘host’ organisms from orthologs of these 
genes present in their last common progenitor.

Loss of RNAi Pathway Components in the Evolution 
of the Kinetoplastida

Despite previous work demonstrating that T. brucei (Shi 
et al. 2006; Patrick et al. 2009) and some species of Leish-
mania (Lye et al. 2010) bear homologs for DCL1, DCL2, 
and AGO1, our analyses indicated that the presence or 
absence of these genes varies across the species and gen-
era of the Order Kinetoplastida. Our results showed that 
all T. cruzi isolates examined, T.cruzi-like from bats T. c. 
marinkellei, T. erneyi, and T. dionisii (Lima et  al. 2012), 
T. lewsii, and species of Strigomonas, Phytomonas Endot-
rypanum, and Parabodo caudatus, lack AGO1, DCL1, and 
DCL2 (see Table  2). Our findings suggest that the RNAi 
system is missing entirely in the trypanosomes of the sub-
genus Schizotrypanum. Other species, including Bodo sp., 
T. rangeli AM80, T. conorhini, C. acanthocephali, L. cos-
taricensis BR, H. muscarum, A. deanei, and A. desouzai, 
maintain complete or nearly complete RNAi systems. The 
role of Argonaute-like proteins for a spectrum of RNAi-
associated pathways is well documented (Hutvanger and 
Simard 2008; Ketting 2011), and the rare event of a natural 
loss of an Argonaute gene by a yeast strain is apparently 
associated with a total absence of siRNAs even in the pres-
ence of a functional Dicer gene (Drinnenberg et al. 2009). 
Thus, we can assume that the loss of such an important 

Fig. 2   Structural conservation 
of Dicer1 proteins within kine-
toplastid strains. Dicer1 protein 
sequences from nine trypano-
somatid strains aligned with 
the corresponding sequence 
(human) and superimposed on 
its 3D model derived from the 
crystal structure. Conservation 
levels shown in different colors. 
Arrows point at the proposed 
nuclease core (yellow) and 
PAZ-like or a platform-like 
domain (blue)

Conservation:

= 81-100 % = 61-80 % = 41-60 % = 21-40% = 0-20 %
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Fig. 3   Evolutionary trees of 
trypanosomatid RNAi-related 
genes Argonaute (AGO1) 
and Dicer 1 (DCL1) genes. 
Molecular trees were gener-
ated as described in Materi-
als and Methods and include 
gene sequences from seven 
sequenced trypanosomatids plus 
two gene sequences each from 
L. braziliensis and C. fascicu-
lata, used as probes. Numbers 
on nodes are bootstrap support 
values (50 or greater shown)
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gene-regulatory function as the RNAi system would have 
immediate effects on the gene expression program of that 
organism.

A careful analysis of the placement of these species on 
the phylogenetic trees generated from the housekeeping and 
the rRNA genes (see above) suggests that closely related 
organisms differ with regard to the presence of the RNAi 
system. Thus, Leishmania sp. (but not Leishmania major), 
C. fasciculata, and C. acanthocephali seem to have compe-
tent RNAi systems, whereas the closely related Endotrypa-
num schaudinni lacks it. Similarly, Angomonas and Strigo-
monas spp. (Teixeira et al. 2011), a clade of closely related 
insect trypanosomatids, also differ with respect to the pres-
ence of the AGO and DCL genes and presumably the RNAi 
system (Fig. 4).

Our phylogenetic survey also demonstrated that, in addi-
tion to the two evolutionary divergences mapped previously 
as leading to the Leishmania/Crithidia branch and the 
Trypanosoma (Lye et al. 2010), and extended herein for the 
Trypanosoma, the RNAi system is apparently also absent 
in the lineages leading to the Phytomonas/Herpetomonas 
(Borghesan et  al. 2013) and the Angomonas/Strigomonas 
(Teixeira et  al. 2011) phylogenetic lineages (Fig.  4). The 
Leishmania/Crithidia lineage likely includes Endot-
rypanum, which also apparently lacks RNAi homologs. 
Although this parasite, isolated from sloths and sand flies, 
clusters with Leishmania, its final classification may still 
require confirmation (Cupolillo et  al. 2000; Hughes and 
Piontkivska 2003).

An additional point of possible RNAi loss was deter-
mined outside the trypanosomatid family, although still 
within the Kinetoplastea, on the lineage leading to Bodo 
sp. ATCC 50149 and P. caudatus (Fig. 4). Using the pro-
tein probes derived from L. braziliensis, AGO1 and DCL1, 
but not DCL2 were identified as very likely encoded by the 
corresponding genes from the free-living Bodo sp. genome. 
However, P. caudatus, another distantly related free-living 
kinetoplastid, seems to lack both Argonaute and Dicer 
homologs (Fig. 4) even when searches using the homologs 
from Bodo are performed. This organism is sufficiently 
distant from the parasitic kinetoplastids, so that it is pos-
sible that extensive sequence divergence has led to the ina-
bility to detect homologous genes using simple similarity 
searches. However, this would suggest that AGO and DCL 
genes in this microbe are more divergent than most other 
genes, including those used for generation of phylogenetic 
trees herein (Fig. 4) and elsewhere (Lye et al. 2010), which 
are readily detected in similarity searches. Thus, it seems 
most likely that this free-living kinetoplastid also lacks a 
functional RNAi system.

To further examine the presence or absence of the Argo-
naute and Dicer genes in these organisms, we examined the 
genomic contexts of these genes. The results (Fig. S1–S2) 

show that, first, the genes within the genomic segments 
upstream and downstream from the loci bearing these 
genes are highly syntenic. Moreover, this structure is gener-
ally conserved even when the Argonaute and Dicer genes 
have been deleted. These observations suggest that when 
these genes are eliminated, they are eliminated completely 
largely coordinately, possibly by a single deletion event. 
However, since Dicer 2 is occasionally deleted first, and 
there is evidence that some organisms, e.g., T. rangeli SC58 
(Stoco et  al. 2014), still carry pseudogenes of the RNAi 
genes, these genes may also be lost in a rapid incremen-
tal process. The mechanisms by which these changes are 
driven are currently a matter of speculation.

The results presented here strongly confirm the previ-
ous observation that several clades of kinetoplastids have 
independently and discretely lost the RNAi system. The 
close relationships of some of these organisms, like Lep-
tomonas, the Leishmania, and Endotrypanum, or T. cruzi, 
T. rangeli, and T. conorhini, argue that the loss has been 
recent in some of these organisms. In contrast, the pres-
ence of Dicer and Argonaute genes in many branches of 
the evolutionary tree, including probably at least some of 
the free-living Bodo species, argues that the progenitors of 
these organisms were RNAi-proficient and had both Dicer 
and Argonaute genes.

There is no immediately obvious answer to the question 
of what, if any, selective advantage could be attributed to 
the loss of the RNAi system in the trypanosomatid strains 
studied in this work, as well as in other protozoans, includ-
ing the malaria-causing Plasmodium (Baum et  al. 2009). 
Several hypotheses about these selective advantages that 
have been previously promoted invoke viruses and/or trans-
posable elements and enhanced pathogenesis (Lye et  al. 
2010). However, there is as of yet no hard evidence to sup-
port these hypotheses, and the cause of the loss of these 
activities remains elusive. An alternative explanation might 
be that the RNAi system in these organisms is, or became, 
nonessential, and that we are observing a random loss of 
the genes in the different taxa. It is striking that, in most 
instances where the system is lost, it is apparently lost com-
pletely, i.e., there are no lingering Argonaute or Dicer genes 
or pseudogenes, suggesting that the loss occurs largely 
coordinately. Interestingly, the selective advantage of 
acquiring a dsRNA virus at the expense of functional RNAi 
was well demonstrated for several yeast-like fungal species 
(Drinnenberg et  al. 2011), i.e., the satellite dsRNA of the 
virus encodes a protein toxin lethal to neighboring cells but 
innocuous to cells harboring the virus. Further study of the 
sporadic loss of the RNAi system in the Kinetoplastida will 
be required to identify selective mechanisms, if any.

Loss of one of the two dicer genes may represent a 
transient intermediate state that will eventually lead to 
loss of both genes. The two dicers are active in different 
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intracellular compartments (DCL1 in the cytoplasm; 
DCL2—in the nucleus), target different RNA substrates, 
and are seemingly serving distinct RNAi functions, result-
ing in production of either siRNAs or, presumably, miR-
NAs. Despite the differences in activity, which may be 
determined more by the cellular microenvironment than by 
the biochemical specificity of proteins themselves (Cenik 
et al. 2011), Dicer1 and Dicer2 have been shown to share 
similar functions or even to cooperate in substrate process-
ing (Patrick et  al. 2009). If so, the impact of the loss of 
one of the Dicers might be less dramatic, as the remaining 
enzyme could at least partially compensate its functions. 
As was recently reported (Catta-Preta et  al. 2016), the 
RNAi system remains functional in A. deanei that, accord-
ing to our data, also seems to have lost Dicer2. In favor of 
this suggestion may be the fact that RNAi in the organisms 
defective in Dicer can be complemented by a Dicer from 
a distantly related host (MacRae et  al. 2006). In addition, 
some organisms, e.g., yeasts and mammals, possess just a 
single Dicer.

Our current observations suggest a plasticity of the 
function of the Dicer protein, also favoring the different 
complexity levels proposed for RNAi systems in general 
(Cerutti and Casas-Mollano 2006; Ketting 2011). Thus, it 
is of note that in the process of evolutionary fading, Dicer2 
“goes first” (Table  1), at least among the relatively small 
number of genomes examined. It has been recently demon-
strated that, in addition to its function in the classical RNAi 
pathway, the Dicer2 protein in T. brucei is also required for 
silencing of small nucleolar RNAs (snoRNAs: Gupta et al. 
2010) via the process that was previously called snoRNAi 
(Liang et al. 2003). The snoRNAs are required for process-
ing and modification of rRNAs (Hartshorne and Toyofuku 
1999; Barth et al. 2005). Thus, the contribution of nuclear 
Dicer2 to the regulation of essential cellular functions may 
seem more complex than that of cytoplasmic Dicer1, mak-
ing the former a more significant player that is still seem-
ingly easier to lose. However, the recent observation dem-
onstrates that dcl2 remains the only RNAi-related gene in 
T. rangeli SC-58 that is potentially functional (Stoco et al. 
2014), which may point to a possible involvement in some 
alternative process, nevertheless, important for the host.

In addition to the defense function provided by the 
siRNAs, the RNAi pathway is also involved in produc-
tion of microRNAs that perform numerous regulatory 
activities by gene silencing at the posttranscriptional level 
(Chen and Rajewsky 2007). Evidence for the presence 
of functional microRNAs in RNAi-positive kinetoplas-
tid species is scarce. Thus, although putative microRNAs 
have been identified in the genome sequence of T. bru-
cei (Mallick et  al. 2008), empirical evidence of the func-
tion of these sequences is absent. Moreover, despite the 
recent demonstration of the contribution of an epigenetic 

factor to transcription activation (Ekanayake and Sabatini 
2011), regulation of gene expression in trypanosomatids is 
believed to be primarily posttranscriptional (c.f.; Clayton 
2002; Palenchar and Bellofatto 2006; Clayton and Shapira 
2007). In other organisms, microRNAs play important roles 
in the regulation of differentiation and developmental pro-
cesses (c.f.; He and Hannon 2004; Hutzinger and Izaurralde 
2011). Thus, microRNAs could be effective mediators of 
the gene expression patterns associated with complex life 
cycles of the trypanosomatids, involving multiple stages of 
differentiation of dixenous species in vertebrate and inver-
tebrate hosts (Tyler and Engman 2001; Maia da Silva et al. 
2004; de Souza et al. 2010; Teixeira et al. 2011; Lima et al. 
2012; Borghesan et al. 2013). The inevitable and intriguing 
question that still remains is, if in fact progenitors of the 
current protozoans used the RNAi system extensively and 
broadly for regulation of gene expression, how could those 
trypanosomatids that have lost the RNAi potential still 
manage to maintain their complex life cycle? The existence 
of compensatory mechanisms here seems to be an obvious 
answer to this question and may suggest a certain flexibil-
ity of the parasites’ life process in general. Alternatively, 
RNA-mediated silencing of an unknown nature may also be 
hypothesized, and such a mechanism could involve alterna-
tive RNAse-driven maturation processes, resulting in dif-
ferent inhibitory RNA factors. The unique RNA-processing 
activities of guide RNA biogenesis in the kinetoplastids 
(Madina et al. 2011), and the recently observed seemingly 
site-specific cleavage of tRNA in RNAi-deficient T. cruzi 
(Garcia-Silva et  al. 2010), remain to be explained. These 
or other related unknown mechanisms may represent an 
alternative RNA-processing machinery aimed at generating 
small RNA-driven silencing function.
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