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ABSTRACT

Trypanosoma brucei, a pathogen of human and domestic animals, is an early evolved parasitic protozoan with a complex life
cycle. Most genes of this parasite are post-transcriptionally regulated. However, the mechanisms and the molecules involved
remain largely unknown. We have deep-sequenced the small RNAs of two life stages of this parasite—the bloodstream form
and the procyclic form. Our results show that the small RNAs of T. brucei could derive from multiple sources, including NATs
(natural antisense transcripts), tRNAs, and rRNAs. Most of these small RNAs in the two stages were found to share uniform
characteristics. However, our results demonstrate that their variety and expression show significant differences between
different stages, indicating possible functional differentiation. Dicer-knockdown evidence further proved that some of the
small interfering RNAs (siRNAs) could regulate the expression of genes. Based on the genome-wide analysis of the small RNAs
in the two stages of T. brucei, our results not only provide evidence to study their differentiation but also shed light on

questions regarding the origins and evolution of small RNA-based mechanisms in early eukaryotes.
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INTRODUCTION

Trypanosoma brucei is an evolutionarily ancient protozoan
that causes African sleeping sickness in humans and Nagana
disease in animals (Pays et al. 2006; Brun et al. 2010). It has a
complex life cycle with different stages in the blood-sucking
insect vector (procyclic form [PF]) and in the mammalian
hosts (slender form [SF]) (Siegel et al. 2010). During its life
cycle, T. brucei needs to undergo substantial changes to adapt
to different hosts (environments). These changes are orches-
trated by specific gene expression-regulated mechanisms.
Most genes of T. brucei are organized in long polycistronic
units but lack the control of RNA polymerase II promoters
(Borst 2002; Landfear et al. 2004). Therefore, post-tran-
scriptional gene expression regulation plays important roles
in this parasite’s development and differentiation (Clayton
2002; Berriman et al. 2005).
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Noncoding RNAs, especially small RNAs, have been dem-
onstrated to be important molecules in post-transcriptional
regulation (Eddy 2001). MicroRNAs (miRNAs) and small
interfering RNAs (siRNAs) have been considered the two
prominent ones. miRNAs are 18—22 nt in length and originate
from single-stranded precursors that form ~70-nt hairpin
structures with a few bulged nucleotides (Carrington and
Ambros 2003; He and Hannon 2004). siRNAs are 21 to 26
nt in length (Hamilton et al. 2002) and are processed by the
Dicer protein from long double-stranded RNAs (dsRNAs)
(Golden et al. 2008). Both miRNAs and siRNAs can regu-
late gene expression by cleaving the corresponding mRNAs
(perfect matching) or blocking their translation (nonper-
fect matching) by the enzyme Argonaute (Moazed 2009).
miRNAs are prevalent in higher eukaryotes and have crucial
impacts on development and differentiation (Nilsen 2008).
In protozoa, however, the presence of miRNAs is still uncer-
tain. It has been reported that miRNA-like molecules could
be identified in some species of protozoa (Saraiya and Wang
2008; Braun et al. 2010; Huang et al. 2012), but many studies
reported that the conserved miRNA or miRNA-like mole-
cules could not be found in the protozoa examined (Grimson
et al. 2008; Xue et al. 2008; Atayde et al. 2011). In contrast,
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siRNAs are ubiquitous and abundant in many protozoa
(Robinson and Beverley 2003; Ullu et al. 2005; Zhang et al.
2008; Patrick et al. 2009; Lye et al. 2010; Tschudi et al.
2012), suggesting that siRNAs, but not miRNAs, may be the
key molecules in the RNA interference (RNAi) pathway in
protozoan species.

Trypanosoma brucei is one of the most ancient eukaryotes
in which RNAIi has been discovered and extensively studied
(Patrick et al. 2009). It has been reported that endo-siRNAs
in T. brucei could be derived from retroposons and repeat
sequences to control retroposon transcript abundance (Dji-
keng et al. 2001). Our previous study revealed that in T.
brucei, siRNAs derived from dsRNAs by pseudogenes and
their homologous genes could regulate the expression of
the parental gene (Wen et al. 2011). Recently, Tschudi et al.
systematically investigated siRNAs from procyclic form and
demonstrated that they were processed by two individual
Dicer proteins (Tschudi et al. 2012). These results suggested
that siRNAs in T. brucei might play important roles in post-
transcriptional regulation.

In addition to miRNAs and siRNAs, ribosomal RNA-de-
rived small RNAs also have been reported to play important
roles. For example, in a collection of ~1300 RITS (RNA-
induced transcriptional silencing)-associated small RNAs,
~30% of them could be mapped to rDNA (Cam et al. 2005).
However, fragments of the abundant rRNAs are present in
nearly all small RNA sequence libraries (Buhler et al. 2008).
Early investigations suggested that these small RNAs were
randomly degraded products, but more and more studies
have revealed that they are functional molecules processed
by special enzymes (Lee et al. 2009a; Li et al. 2012).

In recent years, a new kind of small RNA derived from
tRNA (tRNA-derived fragments [tRFs]) has been identified
in multiple species (Buhler et al. 2008; Li et al. 2008b;
Cole et al. 2009; Lee et al. 2009b; Garcia-Silva et al. 2010;
Peng et al. 2012). Increasing experimental evidence revealed
that tRFs were usually synthesized when the cells or organ-
isms were under stress, particularly in Trypanosoma cruzi
(Garcia-Silva et al. 2010; Franzen et al. 2011). However, these
tRFs could not be demosntrated in T. brucei, and the small
RNAs derived from T. brucei tRNAs were considered as deg-
radation products (Tschudi et al. 2012). The main difference
between the two species is that RNAi is absent in T. cruzi but
exists in T. brucei. These results raise the following question:
Are tRFs the alternate mechanism for the RNAi pathway in
T. cruzi?

TABLE 1. General view of small RNAs

To get a comprehensive knowledge of these small noncod-
ingRNAs (ncRNAs) in T. brucei, we sequenced the small
RNAs (<30 nt) of the two stages (SF and PF) of T. brucei
with high-throughput technology and analyzed various small
ncRNAs at the genome level, then compared these small
RNAs between the two stages.

RESULTS

Small RNAs in the slender form and procyclic form

In total, 1,695,819 and 615,415 unique small RNAs were ob-
tained from the slender and the procyclic forms, respectively
(Table 1). Further analysis revealed that 1,751,956 unique
small RNAs in these two forms could be mapped to the ge-
nome of T. brucei with two mismatches allowed. However,
67.6% of them (1,184,292/1,751,956) in the slender form,
but only 24.1% (422,178/1,751,956) in the procyclic form,
are stage-specific. A list of small RNAs that were demonstrat-
ed in both stages and showing differential expression (fold-
change >2 and P value <0.01) is given in Supplemental
Table S1. Also, the lengths of small RNAs are strikingly differ-
ent between the two stages. Most small RNAs in the slender
form are ~23-26 nt, while in the procyclic form, the length of
small RNAs is clustered in two ranges: 18-21 nt and 28-30 nt
(Fig. 1A). Furthermore, interestingly, we found that the
small RNAs could be derived from multiple sources and
that the expression of siRNAs, rRNA-derived small RNAs,
and tRNA-derived small RNAs are dramatically different in
the two stages (Fig. 1B).

Small interfering RNA

It has been known that siRNAs in T. brucei can be generated
from transposable elements (TEs), including INGI, SLACS,
and CIR147 (Djikeng et al. 2001; Patrick et al. 2009). In ad-
dition, results from a recent interesting study on siRNAs in
the procyclic form of T. brucei revealed that siRNAs could
originate from inverted repeats (IRs) and convergent tran-
scription units (CTUs) (Tschudi et al. 2012). In the current
study, we performed systematic inspection of siRNAs from
these sources in the two stages of T. brucei and found that
the siRNAs in the slender form and the procyclic form
were derived from consistent sources, but the expressions
were different between the two stages (Table 2). In addition,
we found that siRNAs could also be derived from other

Bloodstream form

Procyclic form

Unique Rate (%) Total Rate (%) Unique Rate (%) Total Rate (%)
Reads number 1,695,819 100 14,091,924 100 615,415 100 10,158,581 100
Mapped to T. brucei genome 1,329,778 78.42 12,021,234 85.30 567,664 92.24 9,980,707 98.25
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FIGURE 1. Length and sources of total small RNA sequences in two
stages. (A) The length distribution of total small RNAs in two stages.
Blue bars represent the SF stage and red bars represent the PF stage.
Region S lines show the size of small RNAs expressed more in the SF
stage; P is for the PF stage. (B) The sources of small RNAs in two stages;
left is the SF stage and right is the PF stage.

sources. For example, siRNAs could be generated from the
intergenic region in T. brucei (Fig. 2), similarly as reported
in Drosophila (Okamura et al. 2008) and Arabidopsis (Borsani
et al. 2005). This result indicates that the sources of siRNAs
in T. brucei are more diverse than previously thought and
may be similar to those found in higher organisms. Accumu-
lating evidence from animals and plants has shown that nat-
ural antisense transcripts (NATs) can produce siRNAs (Tam
et al. 2008; Watanabe et al. 2008; Guo et al. 2009; Zhou et al.
2009). Therefore, we have also investigated NAT-derived
siRNAs in T. brucei.

NATs are a source of siRNAs in T. brucei

Once two RNAs are coexpressed in the same cell under the
same conditions, they can form sense-antisense dsRNAs by

TABLE 2. Summary of siRNAs in SF and PF of T. brucei

complementary bases and generate siRNAs (NAT-siRNAs)
(Zhou et al. 2009). In a recent study, we found that in T. bru-
cei pseudogenes and their parental genes could form NATSs
and generate siRNAs (Wen et al. 2011). Herein, based on an-
notated transcripts and sequencing data, we identified all po-
tential NAT pairs and their siRNA products in T. brucei (see
Materials and Methods).

In total, 182 NAT pairs were identified based on the tran-
scriptome of T. brucei (see Materials and Methods). Of these,
20.9% were composed of two coding genes, while 79.1%
were composed of at least one noncoding gene, such as a
pseudogene, snoRNA, snRNA, tRNA, and repeat elements.
NATSs can be divided into two types: cis-NATSs, in which
the two transcripts derive from the same genomic locus but
opposite strands, and trans-NATs, in which the transcripts
derive from different genomic loci (Zhou et al. 2009).
Further analysis of 182 NATs reveals that 11 of them are
cis-NATs and the others are trans- NATs (Supplemental
Table S2). In the 182 pairs of NATSs, most of them were found
to generate small RNAs (136 in SF and 144 in PF) (Supple-
mental Table S2). For example, in the slender form, the tran-
scripts of a VSG pseudogene (Tb11.v4.0009) and an RHS
pseudogene (Tb927.1.300) were found to form a representa-
tive trans-NAT pair and to produce abundant small RNAs
(Fig. 3). We then applied the raw data of TbAGO1-associated
small RNAs in the procyclic form generated from a previous
study (Tschudi et al. 2012). The results indicated that 147
NATs pairs were produced and that 134 of them are the
same as those found from our procyclic data set (Supplemen-
tal Table S3). This result indicates that the methods to iden-
tify NAT-siRNAs are valid.

The features of siRNAs in T. brucei

The majority of siRNAs found are ~23-26 nt, and >60% pre-
ferred “U” as their 5’'-terminal nucleotide (Fig. 4). The fea-
tures of siRNAs in the two stages are similar; however, their
expressions are different. Based on our analysis, 78.93% of
the siRNAs were only identified in the slender form, whereas
13.8% were specifically expressed in the procyclic form. The
other siRNAs that expressed in both stages also showed sig-
nificant expression differences (Supplemental Table S4). In

SF PF
Unique Rate (%) Total Rate (%) Unique Rate (%) Total Rate (%)
CIR147 2873 0.21051 23,819 0.198141 306 0.053905 1915 0.019187
SLACS 126,749 9.531591 2,055,954 17.10269 28,857 5.083465 912,524 9.142879
INGI 269,988 20.30324 4,218,028 35.08814 61,105 10.76429 1,324,819 13.2738
IR 77,740 5.846089 779,649.9 6.485606 22,214 3.91323 321,003.5 3.21624
CTU 227,582 17.11429 612,919.9 5.098643 54,022 9.516545 158,592.6 1.588991
miscRNA 6180 0.464739 16,105.14 0.133972 1742 0.306872 27,409.59 0.274626
NAT 38,805 2.918156 79,980.35 0.665326 9820 1.729897 22,681.52 0.227254
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FIGURE 2. An example of small RNAs derived from an intergenic region. The region on Tb927_02_v4 from 20,522 to 24,620 contains two protein

coding genes (green arrows), Tb927.2.200 and Tb927.2.220, mapped by inverted overlapping small RNAs expressed in the intergenic region. The short
segments indicate the siRNA pairs, and the colors represent their transcription direction (blue for sense and red for antisense).

particular, 74.2% and 25.8% of these siRNAs had signif-
icantly higher expression in the slender form and in the
procyclic form, respectively. Figure 4E shows the 10 most ex-
pressed and the 10 least expressed siRNAs in each stage, re-
spectively. Results from the analysis of siRNA in the two
stages of T. brucei demonstrated that the variety and quantity
of the endogenous siRNAs were more abundant in the slen-
der form than in the procyclic form.

siRNAs can regulate gene expression and target
different genes in different stages

To test whether siRNAs could regulate gene expression,
real-time PCR was performed on Dicer knock-down slender
cells (Wen et al. 2011). For example, the transcript of
Tb927.2.1180, which corresponds to the RHS3 gene and is

866 RNA, Vol. 19, No. 7

targeted by most siRNAs, was up-regulated after Dicer
knock-down (Fig. 5A). Correspondingly, the expression of
siRNA-1, predicted to cleave Tb927.2.1180, was down-regu-
lated (Fig. 5B). The results further show that siRNAs can reg-
ulate gene expression and are consistent with our previous
study on pseudogene-derived siRNAs (Wen et al. 2011).
Results from our analysis indicate that RHS genes are targeted
by a great number of siRNAs. The RHS family includes six
genes, RHS1 to RHS6, defined by their divergent C-terminal
domains (Bringaud et al. 2002). In the slender form, most

siRNAs were found to target RHS3, followed by RHS4,

RHSI, and RHS5 (Fig. 5C). In the procyclic form, however,

the RHS4 gene was targeted by most siRNAs, followed by

RHSI and RHS3 (Fig. 5D). Furthermore, 84 and 61 genes
were targeted by stage-specific siRNAs found in the slender
and procyclic form, respectively (Supplemental Tables S5,
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‘ rRNA (Fig. 6B). By comparison with the
flanking sequences, we found that large
numbers of small RNAs were mainly gen-
erated from this region (Supplemental
Fig. S1B). After comparison with eight
other species genetically related to T. bru-
cei, we found that the sequences of this
specific region in 28S rRNA are the
same (Fig. 6C). The stage specificity and
high expressivity, the restricted derivation
of the region, and the high source conser-
vation indicate that the rRNA-derived
small RNAs may be functional.

¥ tRNA-derived small RNAs

There are 66 tRNA genes in the genome
of T. brucei which encode 22 tRNAs, in-
cluding 20 conventional ones, one newly
identified (selenocystein), and one non-
specific (Tb09.160.1075). After compari-
son with the small RNAs observed in the
two stages, we found that the expression
of tRNA-derived small RNAs was dif-
ferent. For instance, nearly half of the
small RNAs were derived from tRNA®P
in the slender form, while in the procyclic
form, the quantity was reduced to 6%. In
contrast, tRNA“"_derived small RNAs
were mainly found in the procyclic form
(74%), compared to 18% found in the

slender form (Fig. 7A). Furthermore, we

FIGURE 3. Examples of small RNAs derived from a NAT pair. Long arrows indicate two NAT
transcripts: Blue represents the sense transcript and red represents the antisense one; arrows point
in the direction of transcription (5’ to 3"). The locations of small RNAs mapped to the overlap
regions of the two transcripts were drawn by Integrative Genomics Viewer (IGV) (Thorvaldsdét-
tir et al. 2013). Thin lines above and below the arrows display the reads originated from sense and
antisense, respectively. The colors indicate nucleotide type in the transcripts (green, A; blue, C;

yellow, G; red, U).

S6). These results indicate that the genes are not equally sup-
pressed by siRNAs in different stages of T. brucei.

rRNA-derived small RNAs

Data from our analysis in the procyclic form indicated that
a great portion of differentially expressed small RNAs were
derived from rRNA (Figs. 1B, 6A), and most of them are 20
nt long (Supplemental Fig. SIA). It was surprising to note
that one of the small RNAs, which was found in both stages
but its expression was dramatically increased in the procyclic
form, accounted for 13.5% (1,370,060 of 10,158,581) of
all sequencing small RNAs in this form (Table 3). Our re-
sults clearly demonstrated that it was derived from the

also found that small RNAs in the two
stages were generated from specific lo-
cations of tRNAs repetitively (Supple-
mental Figs. S2, S3). For example, in the
slender form, tRNA™P could generate
small RNAs in two clusters with different
lengths (24 nt and 30 nt). The 30-nt frag-
ments were mapped to the 5 end of the
tRNA, and the 24-nt fragments were derived from the 3’
end. However, no reads were mapped to the other parts of
the tRNA™P (Fig. 7B; Supplemental Fig. S2). These results in-
dicate that the small RNAs derived from the tRNAs are un-
likely to be the randomly degraded segments but are rather
products carved by specific enzymes and may play biological
functions in different stages of the life cycle.

DISCUSSION

It is well known that RNA interference is an important mech-
anism to control gene expression. However, the origin and
evolution of RNAi remain an unsolved mystery (Okamura
and Lai 2008). It has been considered that the origin of

www.rnajournal.org 867



Zheng et al.

As3s B 3s
30 30
2 2 .
20 20 b
seormosas
15 15 M
10 10
5 5
0 [
18 19 20 21 22 23 24 25 26 27 28 29 30 18 19 20 21 22 23 24 25 26 27 28 29 30

100 - 100 -
80 30
mG
C

60

1 2 3 4 5 1 2

0000006

L)
= A #
#20000157

#£0000155
#£0000171

#0003115

3 4 5
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miRNAs might be independent in plants and animals (Grim-
son et al. 2008; Campo-Paysaa et al. 2011). However, data
from the analysis of the features of siRNAs from various spe-
cies (Hamilton et al. 2002; Ambros et al. 2003; Zilberman

>
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et al. 2003) have indicated that siRNAs in plants and ani-
mals share some similar characteristics (Ghildiyal and
Zamore 2009; Smalheiser et al. 2011; Song et al. 2011). In or-
der to understand whether siRNAs share similar features in
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FIGURE 5. Quantitative RT-PCR analysis of RNA levels in TbDCLI knockdown cell lines. (A) mRNA level changes in conditional TbDCL1 knock-
down cell lines (tet+) compared to noninduced cells (tet—). Housekeeping -tubulin genes were used as an external control. Error bars (s.d.) are
shown (n=3). (B) Fold-change of selective NAT-siRNAs in conditional TbDCL1 knockdown cell lines (tet+) compared to noninduced cells
(tet—); U6 small RNAs added to both induced and noninduced cell lines serve as an external control. Error bars (s.d.) are shown (n = 3). The sequences
of siRNAs are listed in Supplemental Table S7. (C,D) Quantity of siRNA which targeted to the genes of the RHS family in SF (C) and PF (D).
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TABLE 3. Number of 20-nt small RNA derived from rRNA

SF PF
Sequencing number 5747 1,370,060
Total sequencing reads 14,091,924 10,158,581
Normalized number 0.04% 13.5%

eukaryotes, it is necessary to analyze the siRNAs in lower
organisms. Thus, as a single cell, T. brucei is an ideal repre-
sentative model for us to compare the categories, character-
istics, and functions of siRNAs with those in other higher
organisms.

It is well understood that endogenous siRNAs can derive
from various sources. In animals, transposable elements,
complementary annealed transcripts, and hairpin RNAs all
can produce siRNAs (Okamura and Lai 2008). In plants, nat-
ural antisense siRNAs (NAT-siRNAs) (Borsani et al. 2005),
trans-acting short interfering RNAs (tasiRNAs) (Axtell et al.
2006), heterochromatic siRNAs (Buhler et al. 2007), and
long siRNAs (IsiRNAs) (Katiyar-Agarwal et al. 2007) have
been reported to be sources of siRNAs. In the protozoan T.
brucei, our current data demonstrate that siRNAs could orig-
inate from multiple sources (Table 2), similar to those found
in higher eukaryotes. The length of most siRNAs in higher eu-
karyotes ranges from 21 nt to 26 nt (Hamilton et al. 2002),
while in T. brucei, it ranges from 23 to 26 nt (Fig. 4A,B).
Endo-siRNAs in animals and plants show various 5'-terminal
nucleotides which are important for sorting into different
AGO complexes (Mi et al. 2008). In T. brucei, the majority
of endo-siRNAs prefer “U” as their 5'-terminal nucleotide
(Fig. 4C,D), which might be corresponding to a single AGO
(Shi et al. 2007). Results have shown that siRNAs in T. brucei
play critical roles in genomic stability (Mi et al. 2008). Our
results further demonstrate that siRNAs in T. brucei could

A 0.14 4
0.12 4
0.1+
0.08 4
0.06 +
0.04 4
0.02 4
0 % v
SF PF
()

also regulate gene expression at the post-transcriptional level
(Fig. 5). Therefore, the critical roles of siRNAs should be con-
sidered to be conserved in all eukaryotes. As a matter of fact,
based on previous results (Djikeng et al. 2001; Patrick et al.
2009; Tschudi et al. 2012) and our published data (Wen
et al. 2011), the categories, characteristics, and functions of
endo-siRNAs have been proved to be generally homologous
in all eukaryotes.

The phenomenon of natural antisense transcripts is abun-
dant in higher eukaryotes. In the human genome, 4%-9% of
transcript pairs are overlapped, while in the murine genome,
1.7%—14% have been reported (Lehner et al. 2002; Shendure
and Church 2002; Zhou et al. 2009). However, their preva-
lence in protozoa has not been well investigated. This study
is the first systematic analysis of NAT pairs and NAT-
siRNAs at a genome scale, using comprehensive deep-se-
quencing results in T. brucei. Hundreds of NAT pairs were
identified. We found, in general, that when two transcripts
in cis-NATs were from the same locus, each one of them
was specifically complementary to the other. However, two
complementary transcripts from different loci could also be
involved in trans-NAT. Thus, it is suggested that one tran-
script is able to pair with several other transcripts to form a
complex regulatory network (Zhou et al. 2009). Based on
this consideration, we constructed the topology networks. A
network was composed of several subnetworks, in which
transcripts share similar functions. For instance, one subnet-
work in a star structure is composed of 11 transcripts (Supple-
mental Fig. S4A), all of which are members of the variant
surface glycoprotein (VSG) family, either a VSG gene or a
VSG pseudogene. This indicates that VSG transcripts may
form multiple sense-antisense RNA duplexes in T. brucei.

It is particularly interesting to know that there are many
pseudogenes in the genome of T. brucei (10%) (Berriman
et al. 2005). It has been reported that these pseudogenes
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FIGURE 6. rRNA-derived small RNA. (A) The expression difference of rRNA-derived small RNA in SF and PF. (B) The secondary structure of rRNA
which generated small RNA. (C) Multiple alignment of rRNAs among nine species.
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where small RNAs derived from.

are associated with the recombination of chromosomes
(Thon et al. 1989). We have demonstrated that pseudogenes
play important regulatory functions in T. brucei (Wen et al.
2011, 2012). In the present study, we have further demon-
strated that pseudogenes could form a complex regulatory
network with other transcripts in the NAT manner and could
generate siRNAs, although this phenomenon was not ob-
served by Tschudi and colleagues (Tschudi et al. 2012),
who have suggested that the majority of pseudogenes do
not generate small RNAs in the procyclic form of T. brucei.
The reason for this difference might be the different mapping
parameters used in the two studies. Because the sequences
of pseudogenes and their parental genes are very similar,
it is, thus, hard to identify a small RNA mapping to multi-
ple loci. To avoid this problem, we used strict parameters
on both our sequencing library and the other data sets

870 RNA, Vol. 19, No. 7

(SRA057341) to identify the pseudogene-derived siRNAs
(see Materials and Methods). As a result, tens of thousands
of pseudogene-derived small RNAs were identified in all
data sets of T. brucei from both studies (Table 4). These re-
sults indicate that siRNAs from pseudogenes could, indeed,
derive in both stages of T. brucei.

Based on the analysis for the targets of siRNA (Supplemen-
tal Tables S5, S6), our results further indicate that both RHS
and VSG families are potentially regulated by siRNAs. Evi-
dence suggests that the RHS family consists of at least six
different RHS genes and a variable number of pseudogenes
(Bringaud et al. 2002). In addition, it has been reported
that the absence of AGO, a key enzyme in the RNAi pathway,
led to an increase of steady-state transcripts of RHS genes
and pseudogenes (Durand-Dubief et al. 2007). In our study,
we found that a great number of siRNAs were targeted to the
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TABLE 4. Pseudogene-derived small RNAs in two studies

Tschudi et al. (2012) data Our data
WT dcl1—/— dcl2—/— SF PF
Uniq 24,340 21,306 15,590 26,798 14,935
Total 787,758 726,072 556,568 1,469,792 694,277

RHS family. This might explain why the RHS family was un-
der the control of RNA interference (Wen et al. 2011). Fur-
thermore, the siRNAs genes targeted to the RHS family
were found to display obvious differences between the slen-
der form and the procyclic form of T. brucei (Fig. 5). Given
their genomic location on the subtelomeric regions, these
results support the hypothesis that RHS proteins might be in-
volved in antigenic variation (Pays 2005). Therefore, we sug-
gest that the siRNAs may play critical roles in the antigenic
variation in T. brucei.

VSG is an important antigen in the slender form of T. bru-
cei. The extensive variety of this antigen allows the parasite to
escape the immunological defense of the mammalian hosts.
At any given time, only one VSG could be detected on the
surface of the parasite (Vanhamme and Pays 1995). This in-
dicates that, before novel immunological factors (antibodies)
are produced in the mammalian hosts, the VSG in a few in-
dividuals of T. brucei has switched to a novel one, so that the
parasites can escape the immunological reaction of the host
in time. By comparison with the procyclic form, we found
that some genes in the VSG family were specifically regulated
by siRNAs in the slender form (Supplemental Table S5).
Therefore, we propose that the siRNAs correspondingly
evolve to eliminate the obsolete VSG transcripts as rapidly
as possible, so that the novel VSG can be effective in a timely
way. This might be similar to what is found in Giardia lamblia
in which the expression of variant specific surface genes is
under the control of RNA interference (Prucca et al. 2008).

RNAIi has been shown to be functional in T. brucei but
not found in two other trypanosomatids, i.e., Leishmania ma-
jor and Trypanosoma cruzi (Robinson and Beverley 2003).
However, the biological roles of RNAi in T. brucei had not
been fully revealed (Owino et al. 2008). It was reported that
RNAI in T. brucei is not essential for survival, either in the
bloodstream or in the procyclic form (Janzen et al. 2006).
Therefore, it has been considered that RNAI in this parasite
might be of relatively minor significance. However, based on
the analysis of the diverse categories, different expression in
the two stages, gene regulatory function, and targeting to par-
ticular gene families, our current study has clearly demonstrat-
ed that the endo-siRNAs play biological roles in T. brucei. We
suggest that the RNAi role in T. brucei might have been under-
estimated and should be reevaluated in light of new data.

It has been well known that miRNAs are important regu-
lators in multicellular organisms. For example, in humans,
up to 30% of the genes are regulated by miRNAs (John et al.

2004; Lewis et al. 2005). Interestingly, however, no miRNAs
have been recorded in protozoan species, on the basis of
the miRBase release 19.0 (Kozomara and Griffiths-Jones
2011). Although some reports have demonstrated miRNA-
like molecules in protozoa, their types and abundance were
much lower than those found in higher eukaryotes. Based
on the analysis of our deep-sequenced data, we did not find
typical miRNA molecules in the slender form or in the procy-
clic form of T. brucei, although bioinformatic analysis of the
genome had predicted their existence (Mallick et al. 2008).
We speculated that miRNAs in T. brucei might be too rare to
be detected or even be absent in these stages. In contrast, how-
ever, a large number of siRNAs were found in the two stages
of T. brucei, which have also been shown to play special regu-
latory roles in this parasite (Wen et al. 2011). Therefore, we
suggest that siRNAs instead of miRNAs might significantly
contribute to RNAi pathways in protozoan species.

In T. brucei, we found that rRNAs could also generate some
small RNAs, ~20 nt long, with “G” as the preferred nucleo-
tide at the 5'-terminal end. Interestingly, these small RNAs
were dramatically highly expressed in the procyclic form.
This might indicate that they could be produced by some
specific enzymes and are functional. rRNA-derived small
RNAs have been reported in Neurospora crassa with damaged
DNA. They are ~20-21 nt long, with a preference for uridine
at the 5'-terminal end, and mostly originate from 188, 5.8S,
and 26S rDNA. They are processed by an argonaute protein
QDE-2 and called qiRNAs (Lee et al. 2009a). QDE is a pro-
tein of the AGO family that has been considered to be as-
sociated with post-transcriptional gene silencing (Fagard
et al. 2000). In T. brucei, only TbBAGOL1 has been identified
(Durand-Dubief and Bastin 2003). Analysis of the data for
the procyclic form from another study (Tschudi et al.
2012) shows affinity of purified TbAGO1 from procyclic try-
panosomes. The results show that the expression number of
20-nt rRNA-derived small RNA is very low and does not
change greatly after knockout of the TbDCLI or TbDCL2,
two other key RNases in RNA interference in this para-
site. This suggests that the synthesis of rRNA-derived small
RNAs in T. brucei might be dependent on other mechanisms
instead of on the RNA interference pathway. Moreover, these
rRNA fragments are present in both stages of T. brucei but ex-
tremely highly expressed in the procyclic form; this might be
closely related to the energy metabolism in this form or even
be associated with the differentiation of T. brucei. More inves-
tigations will be required for revealing the important func-
tions of rRNA-derived small RNAs.

tRNA-derived fragments are evolutionarily conserved
molecules that have been reported in various species. Our re-
sults in T. brucei are consistent with that conclusion in this
parasite and in other organisms and support the idea that
tRNA-derived small RNAs are not degradation products but
a novel class of small RNAs (Li et al. 2008b; Lee et al. 2009b;
Garcia-Silva et al. 2010; Peng et al. 2012). The expression
of tRFs was considered to be in response to physiological
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stress or nutritional deficiency (Li et al. 2008b; Lee et al.
2009b; Peng et al. 2012). tRFs have been discovered in
Giardia (Li et al. 2008b) and T. cruzi (Garcia-Silva et al.
2010). In the two protozoan species, these small RNAs
have been shown to be expressed more when the cells were
under nutritional deficiency. In our study, we found that
tRNA"™ produced more small RNAs in the procyclic form,
while tRNA**P-derived small RNAs were expressed more in
the slender form. This indicates that the small RNA derived
from tRNA might play roles in differentiation in the life cycle
of this parasite. In contrast to T. cruzi, in which the RNAi
pathway is absent, in T. brucei, although the RNAi pathway
is functional, we found that the expression of tRNAMP_de-
rived small RNAs did not change after Dicer knockdown
(data not shown). It seems that both in T. cruzi and T. brucei,
tRFs are independent of the RNAi pathway, although the
mechanisms and molecules involved in tRF regulation are
far from being understood.

In conclusion, our results show that the siRNAs in T.
brucei can derive from different sources and are able to regu-
late gene expression at the post-transcriptional level. Also,
rRNA and tRNA can generate small RNAs with expression
dramatically different in different stages of the life cycle.
This clearly shows the presence of small RNAs in T. brucei
and indicates their likely prevalence in other protozoan
species.

MATERIALS AND METHODS

Trypanosome cultivation

Trypanosoma brucei brucei STIB 920 slender forms were isolated
from infected mice blood collected at the peak parasitaemia by
DEAE cellulose (DE-52, Whatman) (Lanham and Godfrey 1970).
Some of these slender form cells were cultivated in HMI-11 medium
at 37°C with 5% CO, and 95% air. After subculture several times,
the cells were transferred to TVM-1 medium and incubated at 27°
C, where trypanosomes were differentiated into the procyclic
form. The slender form and procyclic form cells were both abun-
dantly collected and suspended in TRIZOL (Invitrogen). The
TbDCL1 knockdown clones obtained have been described in a pre-
vious study (Wen et al. 2011).

Data sources

Eleven megabase-sized chromosomes and scaffold sequences of T.
brucei were downloaded from the TriTrypDB (release-2.1, update
time: 04-Mar-2010 15:23), one of EuPathDB (http:/tritrypdb.org/
tritrypdb/) (Aslett et al. 2010). Kinetoplast DNA maxi-circle se-
quences were downloaded from NCBI GenBank number M94286
.1. Transcript sequences and annotation information were down-
loaded from TriTrypDB and rearranged by a Perl script. Ingi repeat
elements were downloaded from NCBI (accession number X05710)
and Spliced-Leader Associated Conserved Sequence (SLACS) was
retrieved from NCBI (accession number X17078); the CIR147 se-
quence was obtained from previous reports (Kritikou 2008). The
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small RNAs used for comparison, sequenced by Dr. Elisabetta
Ullu (Yale University), were downloaded from the NCBI Sequence
Read Archive (SRA) at http:/www.ncbi.nlm.nih.gov/Traces/sra/sra.
cgi, under accession no. SRA057341. Other sequences for compar-
ison were obtained from the same article and rearranged by a Perl
script (Tschudi et al. 2012).

Small RNA deep-sequencing and analysis

Total RNAs were extracted from trypanosome cells by TRIZOL, fol-
lowing the manufacturer’s protocol, and run on agarose gels for
quality control. Small RNA library preparation and Solexa sequenc-
ing were performed by the Beijing Genomics Institute (BGI) in
ShenZhen, Guangdong, China. sSRNAs ranging from 18 to 30 nt
were gel-purified and ligated to the 3" adaptor (5-pUCGUAUG
CCGUCUUCUGCUUGIAT-3';p,phosphate;idT,inverted deoxythy
midine) and 5" adaptor (5'-GUUCAGAGUUCUACAGUCCGACG
AUC-3'). Ligation products were gel-purified, reverse-transcribed,
and amplified using Illumina’s sSRNA primer set (5'-CAAGCAG
AAGACGGCATACGA-3'; 5-AATGATACGGCGACCACCGA-3").
Samples were sequenced on an Illumina 1G Genome Analyzer.
The adaptor sequences were removed from the Illumina-generated
reads at BGI Shenzhen using a dynamic programming algorithm
that required at least a 5-nt overlap between 35-nt reads and the
3’ adaptor sequence. After removing the reads without the adaptor
sequences, poly-A reads, and 5" adaptor contaminants, the remain-
ing 18- to 30-nt reads were mapped to the T. brucei genome assem-
bly from TritrypDB (Aslett et al. 2010) using bowtie with two
mismatches allowed (Langmead and Salzberg 2012). The mapped
reads were then annotated against known RNA transcripts. All reads
in the “mapped” data set were compiled into a set of unique se-
quences, with the number of reads for each sequence reflecting rel-
ative abundance (Liao et al. 2010). The read count of each unique
sequence was normalized to reads per million (RPM), according
to the following formula: RPM = C/N x 10°, where C represents
the number of sequencing small RNA reads and N represents the to-
tal number of mapped reads.

NATs and NAT-derived siRNAs identification

Cis-NAT pairs were identified by the location of transcripts in the
genome. If two transcripts were transcribed from the opposite
strands of the same locus and the overlap region was longer than
20 bp, a value also adopted in other studies (Werner and Berdal
2005), then they were considered to form a pair of cis-NATs.

Trans-NAT pairs were identified by pairwise alignment (Altschul
etal. 1990). If a pair of transcripts from different genomic loci could
form an RNA-RNA duplex with a BLAST (Li et al. 2008a) E-value
less than 107°, they were considered to form a candidate trans-
NAT pair. For each NAT, we computed the density of small RNA
loci in the overlapping region by the same method used in another
study (Guo et al. 2009). In brief, small RNAs were respectively
mapped to the sense and antisense transcripts of a NAT pair, and
the number of small RNAs in the complementary region of the
NAT were calculated. The number was then divided by the length
of the complementary region to get the density. If the densities of
both sense and antisense strands were more than 0.04, this region
was considered to have the ability to generate NAT-siRNAs.
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siRNA pairs identification

The features of siRNA biogenesis are different from the other small
RNAs (Allen et al. 2005). Using these features as criteria, we devel-
oped an approach for strict siRNA pairs identification via high-
throughput sequence results. The pairs of siRNAs should meet three
conditions: (1) The reads are perfectly mapped to the T. brucei ge-
nome; (2) the two reads are of the same length; and (3) the two reads
can form a duplex with 2-nt overhangs at the end of the 3’ terminus.
Examples are shown in Figures 2 and 3 and Supplemental Fig. S4B.

Identification of the expression of small RNAs

The Bayesian test method was used to determine the expression dif-
ference between the two stages. The approach was based on the
comparison of tag counts generated from digital expression analyses
(Audic and Claverie 1997). The small RNAs, whose fold-change be-
tween two stages was more than 2 and the P-value <0.01, were con-
sidered to be expressed significantly differently. We drew a heat map
of the small RNAs (Fig. 4E), which expressed the 10 most abundant
and the 10 least abundant in each stage by using the following for-
mula: normalized reads abundance =log,o(C/N x 10°), where C
represented the number of siRNA reads and N represented the total
number of mapped reads.

tRNA and rRNA-derived small RNA

tRNA sequences were retrieved from TritrypDB. Small RNAs were
mapped to these tRNAs with up to two mismatches allowed. Each
type of tRNA that generated small RNAs was normalized by the
number of tRNA copies of this type. rRNA sequences were down-
loaded from the SILVA rRNA database (Pruesse et al. 2007).
Clustalx (Thompson et al. 1997) was used for multiple alignments
of rRNAs.

Pseudogene-derived small RNA

Sequenced small RNAs were mapped to all the annotated mRNAs in
T. brucei with no mismatches. All these mapped reads were removed
from the data set, and the remaining reads were mapped to the an-
notated pseudogenes; only the sense mapped reads were kept. These
small RNAs were believed to be pseudogene-derived small RNAs.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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