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RNA-Seq employing a novel rRNA depletion strategy reveals a rich repertoire of
snoRNAs in Euglena gracilis including box C/D and Ψ-guide RNAs targeting the
modification of rRNA extremities
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ABSTRACT
Previous mRNA transcriptome studies of Euglena gracilis have shown that this organism possesses a
large and diverse complement of protein coding genes; however, the study of non-coding RNA classes
has been limited. The natural extensive fragmentation of the E. gracilis large subunit ribosomal RNA
presents additional barriers to the identification of non-coding RNAs as size-selected small RNA libraries
will be dominated by rRNA sequences. In this study we have developed a strategy to significantly reduce
rRNA amplification prior to RNA-Seq analysis thereby producing a ncRNA library allowing for the
identification of many new E. gracilis small RNAs. Library analysis reveals 113 unique new small nucleolar
(sno) RNAs and a large collection of snoRNA isoforms, as well as the first significant collection of nuclear
tRNAs in this organism. A 3′ end AGAUGN consensus motif and conserved structural features can now
be defined for E. gracilis pseudouridine guide RNAs. snoRNAs of both classes were identified that target
modification of the 3′ extremities of rRNAs utilizing predicted base-pairing interactions with internally
transcribed spacers (ITS), providing insight into the timing of steps in rRNA maturation. Cumulatively,
this represents the most comprehensive analysis of small ncRNAs in Euglena gracilis to date.
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Introduction

Non-coding RNAs (ncRNAs) have essential roles in an array
of gene expression mechanisms in all organisms [1–6].
Comprehensive strategies to identify ncRNAs have been
developed utilizing deep sequencing technologies in the
form of RNA ‘sequencing’ (RNA-Seq). During this procedure
it is advantageous to fractionate and enrich the ncRNA popu-
lation of interest from total cellular RNA prior to cDNA
library creation to remove very abundant cellular RNAs that
would dominate the sequence reads. This allows for the more
efficient and cost-effective identification of less abundant and
novel non-coding RNA species. Commercial kits have been
developed to remove rRNA during library preparation; how-
ever, they are only available (or work efficiently) for a limited
number of model organisms. They also increase the number
of sample handling steps which can further increase the like-
lihood of generating unnatural RNA degradation products.
Such kits are not yet available for most protists, a collection
of primarily single-celled eukaryotic organisms that includes
Euglena gracilis, the organism investigated in this study.

E. gracilis is a particularly interesting organism in which to
characterize ncRNAs because of the many unusual features of
its cellular biology and gene expression strategies that suggest
it may contain a large collection of ncRNAs [7,8]. Recently,
mRNA transcriptome studies have been performed [9,10] that
indicate that E. gracilis has extensive protein-coding potential

and it has been suggested that expression of nuclear protein-
coding genes is extensively controlled at the post-transcrip-
tional level. This organism contains a large subunit (LSU)
rRNA that is naturally fragmented into 14 discrete pieces
(compared to 2 in most other eukaryotes) by post-transcrip-
tional processing events [11,12]. E. gracilis rRNA is also the
most extensively modified of any examined organism to date,
containing 211 2′-O-methylations (Nm) and 116 pseudouri-
dine (Ψ) modifications [13]. The LSU rRNA is more exten-
sively modified than the non-fragmented small subunit (SSU)
rRNA, which instead has a similar amount of modification as
its human counterpart. These extra modifications are pre-
dicted to help stabilize the highly fragmented LSU during
ribosome assembly [13].

Small nucleolar RNAs (snoRNAs) are one class of ncRNA,
most commonly used as part of ribonucleoprotein complexes
(RNPs) to guide site-specific rRNA nucleotide modification,
namely 2ʹ-O- methylation and Ψ formation, and in the target-
ing of pre-rRNA cleavage sites. Since E. gracilis has so many
rRNA modifications and processing sites it is predicted to also
contain a large collection of targeting snoRNAs. Previously we
had identified snoRNAs that guide 47% of the experimentally
mapped rRNA 2′-O-methylation sites but only 11% of the Ψ
sites. Two of the E. gracilis rRNA nucleotide modifications are
located very close to the 3ʹ ends of two different rRNA species.
We had not yet uncovered any snoRNA species capable of
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targeting these sites and thus the mechanism of modification
was still unclear.

The small number of E. gracilis Ψ-guide RNAs identified
previously structurally differ from the H/ACA box snoRNAs
first characterized in other eukaryotes. The prototypical
structure consists of two extended stems, either or both of
which are interrupted by single-stranded regions that base-
pair to rRNA to form pseudouridylation guide pockets. A
single-stranded linker region containing the H box sequence
(ANANNA) separates the two stems, and an ‘ACA’ con-
sensus sequence box element follows the second stem and is
usually located 3 nt from the 3ʹ end of the RNA [14]. In
contrast, the small number of Euglena Ψ-guide RNAs iden-
tified previously possess only a single-stem structure (no H
box) and possess an AGA rather than an ACA (box)
sequence motif at their 3ʹ ends [15,16]. AGA box Ψ-guide
RNAs have also been identified in trypanosome species
[17,18]. Whether or not this is a structurally common
form for these RNAs in Euglenozoa, the evolutionarily-
diverse phylum containing the euglenids (including
Euglena species), kinetoplastids (including trypanosomes)
and many other classes of protist organisms, requires a
more comprehensive characterization of Ψ-guide RNAs in
E. gracilis and its relatives [15,16,19].

In this study, we used a newly developed RNA library
preparation strategy for RNA-Seq experiments to identify
and characterize a large collection of small ncRNAs in E.
gracilis. These ncRNAs shed new light on the events of
rRNA maturation, the evolution of Ψ-guide RNAs in E. gra-
cilis, and provide new information on the structural and
sequence characteristics of small nucleolar RNA classes.

Methods

Library construction

E. gracilis total RNA (~ 112 µg) was resolved on a 15%
denaturing polyacrylamide gel and RNA fragments less than
400 nt in size were excised and isolated [20]. A poly-G tail was
added to the 3ʹ ends of the size-selected RNA [21]. The tailing
reaction contained size-selected or TMG cap-enriched
Euglena RNA, 1X Poly(A) Polymerase (PAP) buffer (USB),
0.5 mM GTP, 60 U of yeast PAP (USB) and 20 U of RNase
Inhibitor (NEB) incubated at 37°C for 60 min. The reaction
was extracted once with phenol:chloroform (1:1), then twice
with chloroform and the aqueous phase was ethanol precipi-
tated with added acrylamide carrier. The RNA was then
treated with 10 U of Tobacco Acid Pyrophosphatase (TAP)
(epicentre®) in a 10 µL reaction containing 1X TAP buffer
(epicentre®) and 20 U of RNase Inhibitor (NEB) at 37°C for
60 min and the RNA was extracted and precipitated (as
above).

An RNA oligonucleotide linker was ligated to the 5ʹ ter-
mini of the TAP-treated RNA [21]. The RNA was first mixed
with 200 pmol of linker and incubated at 65°C for 5 min. The
ligation reaction containing 10 U of T4 RNA ligase (NEB),
1 mM ATP, 1X T4 RNA ligase buffer (NEB), and 20 U of
RNase Inhibitor (NEB) was then performed at 4°C overnight
(16 hrs), after which another 10 U of T4 RNA ligase was

added and the reaction further incubated at 37°C for 30 min.
The RNA was then extracted and precipitated.

An antisense primer containing an adaptor sequence and
poly-C stretch was designed to anneal to the 3ʹ poly-G tail.
This primer (100 pmole) was incubated with 10 µL of pre-
pared RNA from the previous step and dNTPs (500 µM) at
65°C for 5 min and then immediately chilled on ice.
Superscript II RT (Invitrogen) was used to synthesize cDNA
at 47°C for 60 min following the manufacturer’s protocol. The
cDNA was then used as template for PCR amplification with
Phusion Taq Polymerase (Thermo Scientific) using oligonu-
cleotides designed to anneal to the 3ʹ poly-G tail and the 5ʹ
linker sequence with or without the addition of blocking
primers (also see below and Table S1 for oligonucleotide
sequences; Table S6 for PCR conditions). When assessing
relative levels of rRNA (and not employing the blocking
primers), PCR products were purified by gel-extraction and
cloned into the pJET1.2/blunt vector following the manufac-
turer’s protocol. Transformed E. coli cells were then used for
colony PCR screening, using primers that anneal upstream
and downstream of the cloning site. Automated DNA sequen-
cing of these PCR product clones was performed by Macrogen
Corp USA.

Preventing amplification of large subunit rRNA fragments

Blocking primer sets were designed with a C3 spacer (3
hydrocarbon) modification at their 3ʹ end and each of these
modified primers anneals both to the 3ʹ end of the added 5ʹ
linker sequence and to the 5ʹ end of a specifically-targeted
individual LSU rRNA fragment (see Table S2 for blocker
oligonucleotide sequences). At the PCR amplification step of
library preparation, in addition to the general amplification
primers, each blocking primer was also added to the reaction
to a concentration of 5 pmole/µL to prevent amplification of
the unwanted rRNA species. The final resulting PCR-gener-
ated cDNA library was purified using the E.Z.N.A ® Cycle-
Pure Kit (Omega) and sent to Genome Québec for high-
throughput sequencing using the Illumina MiSeq 250
platform.

Bioinformatic analysis

The Illumina MiSeq sequence reads, for both size-selected and
TMG-enriched libraries, were first sorted based on the pre-
sence of the 5ʹ linker sequence using the FASTQ Barcode
Splitter tool from the FASTX-Toolkit (Hannon Lab website).
The 5ʹ and 3ʹ adaptor sequences were then removed (allowing
2 mismatches) using the Trim Ends tool in Geneious v8.0.4
software and cutadapt software package. Typically, the
sequence quality was very poor following the 3ʹ poly-G tract
and therefore the 3ʹ ends were trimmed downstream of a
poly-G tract ≥ 12 nt long. The two most highly abundant
sequences were also removed from the collection. The
UCLUST algorithm, a component of the USearch [22] soft-
ware package, was used to cluster related sequences together
based on pair-wise alignments, using an identity threshold of
0.8. To remove previously characterized Euglena RNAs from
the newly formed sequence clusters, databases of E. gracilis
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snoRNAs, rRNA, snRNAs and tRNAs were created. First, the
UBlast algorithm [22] was used to find matches between the
database and the RNA-Seq library sequences using an E-value
of 1e-9. Then to ensure removal of as many sequences as
possible, searches using the USearch global algorithm were
performed with an id value of 1. Matches to these databases
were subsequently removed prior to library analysis.

Two approaches were used to identify new snoRNAs. First,
trimmed sequences between 50 – 80 nt in length were
extracted (using Geneious) and then scanned for E. gracilis
snoRNA features using the pattern matching program ‘Scan
for Matches’[23]. A consensus pattern was created based on
all previously identified Euglena snoRNAs including size,
sequence box elements, and secondary structure potential.
To identify additional box C/D snoRNAs, trimmed sequences
between 55 – 90 nt were analyzed using the Snoscan webser-
ver [24] with E. gracilis rRNA sequence, including internal
transcribed spacer sequences, as potential modification
targets.

Positive hits from both approaches were then further
manually inspected as previously described [15]. Sequences
that strictly maintained conserved features of snoRNAs but
did not display significant base-pairing potential to any
mapped modified rRNA site were sorted into the orphan
‘snoRNA’ category. Reads per million (RPM) for snoRNA
species were calculated using quality filtered single end reads
from size-selected and TMG-capped libraries. Individual
RNAs were quantified using USearch algorithm searches
with an id value of 0.95, then normalized for library size.

For tRNA identification, the USearch algorithm was used
to BLAST characterized Trypanosoma brucei tRNAs against
our trimmed and dereplicated library. Potential candidates
from the library were then further analyzed using the
ARAGORN webserver [25] to look for conserved sequence
and structural elements indicative of tRNAs.

Results and discussion

Preventing amplification of unwanted RNAs during RNA-
Seq library construction

In E. gracilis the large subunit rRNA is naturally fragmented
into 14 discrete pieces most of which fall within the size range
of many other small ncRNA species. This complicates the
generation of small RNA libraries in E. gracilis and other
Euglenozoa since high levels of rRNA dominate the sequence
reads from even a carefully size-selected library. To address
this issue we have developed a strategy adapted from a tech-
nique previously described for eliminating unwanted DNA
sequences from environmental samples [26]. This strategy
utilizes blocking oligonucleotides which contain a hydrocar-
bon chain modification at their 3ʹ end during the PCR ampli-
fication step of cDNA library construction to prevent
amplification of targeted sequences.

A set of blocker oligonucleotides was designed to anneal to
the end of the added 5ʹ linker sequence + 5ʹ end of each of the
14 LSU rRNA fragments (Fig. S1a). To be effective, the
blocker oligonucleotides must anneal efficiently to the
unwanted target cDNAs while not significantly affecting the

amplification of all other cDNAs. We found that 13 nt of
complementarity with 5ʹ linker sequence + 13 nt of comple-
mentarity with the 5ʹ end of an LSU rRNA fragment worked
effectively. We also found that having a 10 fold excess of each
blocker oligonucleotide relative to adaptor-specific general
amplification oligonucleotide greatly diminished the amplifi-
cation of specific LSU sequences (Fig. 1 and Fig. S1b).
Without employing blocker oligonucleotides, LSU fragments
that are prevalent in a size-selected (< 400 nt) E. gracilis RNA
fraction are efficiently amplified. This can be detected by
including specific LSU reverse primers with the adapter-spe-
cific amplification primers during the PCR step of the proce-
dure (Fig. 1, lanes 1 and 4). When an LSU fragment-specific
blocker oligonucleotide is also included during the PCR step,
the targeted LSU sequence is either greatly reduced or unde-
tectable following PCR amplification (Fig. 1, lanes 2, 3, 5 and
6, and Fig. S1b). Importantly, this was also observed when
multiple blocker oligonucleotides were used in the same PCR
amplification (data not shown). Using this approach, the
relative number of rRNA sequence reads in RNA-Seq data is
greatly reduced.

The efficiency of blocking was further assessed, prior to
library deep-sequencing, by shotgun cloning cDNA library
products and sequencing 178 clones by Sanger sequencing
of PCR products obtained via bacterial colony PCR. When
no blocker oligonucleotides were used, 30% of the total
unfiltered reads were rRNA (Fig. 2A). After removing
reads that were poor quality (29%) and also those less
than 20 nucleotides in length, the remaining sequence
reads we termed ‘informative sequences’. Of these informa-
tive sequences, 75% were rRNA fragments. Initially, blocker
oligos had only been designed to the 10 smallest LSU
species, whose mature sizes fall in the range of small
ncRNAs. Following amplification including these blockers,
rRNA still dominated the informative reads; however, most
of the rRNA sequences were now fragments of the 4 largest
LSU species (i.e. the blocking of smaller LSU species was

Figure 1. Primer blocking strategy to prevent rRNA amplification during
small RNA library preparation. a) Forward oligonucleotides that anneal to LSU
fragments and reverse oligonucleotides that anneal to the linker were used to
amplify specific LSU fragments (LSU 1, 10, 11, and 12) from the library (lanes 1
and 4). Excess of blocker oligonucleotide specific to each fragment was added to
assess blocking efficiency (lanes 2, 3, 5, and 6). PCR products were resolved on a
6% native polyacrylamide gel. M = pBR322 MspI digest.
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successful). Additional blocker oligonucleotides were then
designed such that all 14 LSU species were targeted for
depletion during library construction to also reduce ampli-
fication of these LSU rRNA degradation productions. This
was very effective, resulting in only 3% of all reads matching
rRNA sequence and a significant enrichment of informative
‘other’ sequences (36%); that is, sequences that consist of
ncRNAs other than rRNA and tRNA were now evident
(Fig. 2A). This indicates that adding blocker oligonucleo-
tides targeting all 14 E. gracilis LSU fragments at the PCR
amplification step of library synthesis is very effective in
reducing the number of rRNA sequences in the final library,
especially when considering that in studies in other organ-
isms, RNA-Seq data from total RNA samples with no rRNA
depletion step typically contain > 90% rRNA reads [27–30].

Two different LSU rRNA-depleted E. gracilis small RNA
libraries were created, a size-selected (< 400 nt) library and a
TMG cap pull-down non-size-selected library, and both were
individually sequenced using paired-end 250 bp sequencing
on an Illumina MiSeq platform (Genome Québec). In total,
following quality control filtering, there were 3,080,604 high-
quality reads when combining the reads from the size-selected
and TMG-cap pull-down libraries. In the size-selected library
reads, 9.4% of reads were rRNA sequence, and 12.6% of the
TMG-capped library reads were rRNA (Fig. 2B). Following
dereplication of the combined library reads, there were
727,447 unique reads and searching for previously annotated
E. gracilis RNAs revealed that approximately 4% of these reads
were rRNA, 19% were snRNAs, 1.4% were known tRNAs
(only one nuclear-encoded but a complete set of chloroplast
tRNAs had been previously characterized in this organism)
and < 1% were previously characterized snoRNA sequences.
Cumulatively, this indicated that our rRNA depletion strategy
was very successful and worked similarly when employed on

the two independently processed library fractions (size-
selected and TMG cap pull-down). It is also the first indica-
tion of the apparent diversity of ncRNAs in this organism.

The strategy described here is very useful for RNA-Seq
experiments in any organism for which no commercial
rRNA depletion kit is available and is also adaptable because
theoretically any unwanted (or previously characterized) RNA
species that would otherwise dominate the library reads can
be depleted at this stage. This can serve as a useful tool for
RNomics in less-studied species (such as protists) where there
is currently a lack of information regarding the abundance
and diversity of ncRNAs.

Identification of new snoRNAs

Previously identified modification-guide snoRNAs in E. gra-
cilis displayed a relatively uniform size distribution, between
50 and 90 nt, so we focused on examining sequence reads in
that size range. First we identified candidates by scanning for
conserved sequence and structural features [15,16,19], and
then requiring that candidates be able to base-pair to corre-
sponding rRNA target modification sites [13]. This approach
identified 82 new box C/D snoRNAs, 31 box AGA RNAs
(Figs. S2, S3, and S4) and numerous isoforms of both types
– we define isoforms as those sequence-related RNAs pre-
dicted to target the same modification site. Cumulatively,
including all biochemically, genomically (PCR-mediated),
and now RNA-Seq identified RNAs, we have characterized
snoRNAs that guide modifications of approximately 88% of
the 2ʹ-O-methylated sites and 45% of pseudouridylated sites in
E. gracilis rRNA [15,16,19], 227 unique snoRNA species in
total.

In order to examine snoRNA representation in our data
set we used single end reads from both the size-selected and
TMG-capped libraries to calculate reads per million (RPM)

Figure 2. Sequencing results of a Euglena gracilis small RNA library before and after use of primer blocking to prevent amplification of rRNA fragments.
a) PCR-amplified library products were cloned and sequenced using Sanger sequencing to assess the efficacy of the primer blocking strategy. Sequence reads that
were legible and longer than 20 nt were considered informative sequences. b) Proportion of reads attributed to rRNA for the size-selected, TMG-capped, and
combined and dereplicated small RNA libraries generated using RNA-Seq.
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for each newly identified snoRNA and all previously identi-
fied snoRNAs. We found that RPM for the newly identified
snoRNAs were consistent with the range of RPM values
found for previously identified snoRNAs in both our
libraries (Table S3). Additionally, when comparing reads
found in the two libraries we observed that RNAs from
the size-selected library consisted of a variety of both
mature and precursor forms while the TMG-capped reads
were generally more uniform in size and had a higher
proportion of reads representing mature RNAs. All but 4
methylation guide and 2 pseudouridylation guide RNAs
were detected in the size-selected library while only 78%
and 51% of each type respectively were found in the TMG-
capped library. When considering the very large observed
relative enrichment of the U3 snoRNA and U2 snRNA in
the TMG-capped library (Table S3), two ncRNAs antici-
pated to have hypermethylated caps, the lack of significant
enrichment (or even complete absence) in this library of
most E. gracilis modification guide snoRNAs may suggest
that a large fraction of these RNAs do not possess hyper-
methylated caps.

All of the 82 new C/D box snoRNAs identified by RNA-
Seq appear to be single-guide RNAs and predominantly utilize
the region upstream of the D′ box to target modification,
similar properties to the previously characterized E. gracilis
box C/D RNAs [15,16,19]. Double-guide RNAs are exceed-
ingly rare in E. gracilis and of the 182 different box C/D RNA
species now identified, only 2 appear to be double-guides and
in both cases, each species utilizes its two guide regions to
target nearby 2ʹ-O-methyl sites. This is noticeably different
from what is observed in other eukaryotes and even more so,
in archaeal organisms where double-guide box C/D RNAs
constitute a much higher fraction of the total modification-
guide RNA repertoire. The Euglena snoRNAs identified so far
are also more uniform and smaller in size than those in other
characterized eukaryotes and show closer resemblance to their
archaeal counterparts.

Importance of rRNA spacer regions and timing of
snoRNA-guided rRNA modification

Two of the new snoRNAs identified by RNA-Seq have the
required base-pairing potential to target the modification sites
found at the 3′ extremities of rRNA species. The first, Eg-
m121 guides 2′-O-methylation at position LSU3906, near the
3′ end of LSU species 12. Base-pairing interactions between
the snoRNA and rRNA are typical of the length most com-
monly observed between box C/D RNAs and rRNA in E.
gracilis (10 bp) and most interestingly, this base-pairing inter-
action extends into the (intergenic) spacer region that sepa-
rates LSU species 12 and 13 on the primary rRNA transcript
(Fig. 3A). The second, Eg-p38 RNA guides Ψ formation at
position SSU2305, the penultimate nucleotide at the 3′ end of
the SSU rRNA and the base-pairing interaction between the
snoRNA and rRNA extends into ITS 1, the spacer between
SSU rRNA and LSU species 1 (Fig. 3B). In fact, the entire
interaction between the 5′ half of the snoRNA bi-partite base-
pairing interaction to form the pseudouridine pocket with the
rRNA target site occurs using only the ITS region. To our

knowledge, these are the first examples of modification guide
snoRNAs predicted to employ base-pairing interactions to
mature rRNA-spacer sequence boundaries.

The way in which rRNA modifications coordinate with
other maturation steps such as pre-rRNA cleavage is not
well understood. Co-transcriptional modification has been
observed in yeast prior to pre-rRNA cleavage [31], but it is
unclear if this is a common feature among different eukar-
yotes. This is particularly interesting in the case of E. gracilis
as the fragmentation of the LSU, along with the high degree of
rRNA modification, results in significant enrichment of rRNA
modifications near cleavage sites compared to other eukar-
yotes. For the two snoRNAs described above, the interaction
between snoRNA and rRNA must occur before pre-rRNA
cleavage that removes these particular spacer regions during
the biogenesis pathway that generates the mature 3′ ends. It is
commonly suggested that snoRNA-rRNA base-pairing inter-
actions occur very early in the ribosome biogenesis pathway
[14]. In E. gracilis, the LSU is highly modified and naturally
fragmented into 14 pieces indicating a high degree of com-
plexity in pre-rRNA processing and ribosome assembly. It is
interesting to consider that these rRNA modifications and
associated modification complexes may also play some role
in removal of these spacer sequences to generate mature LSU
rRNA fragments.

Identification and characterization of novel ψ-guide
snoRNAs

In previous studies, only 12 E. gracilis Ψ-guide RNA species
had been identified, all of which contained a conserved ‘AGA’
sequence 3 nt from their 3′ ends (i.e. AGA box RNAs) [15,16].
The small number identified was due to the inefficient immu-
noprecipitation of these RNA-containing complexes when
using antibodies targeted at the protein Cbf5p, the more
challenging nature of identifying encoding regions for these
structurally more complex RNAs compared to identifying box
C/D RNAs within PCR-amplified Euglena genomic snoRNA
cluster regions, and the fact that genomic amplification pri-
mers were primarily based on identified box C/D RNA
sequences that presumably favor amplification of clusters
encoding primarily box C/D RNAs. Bioinformatic analysis
of the small ncRNA library has now significantly increased
those identified to 45 Ψ-guide snoRNA species with predicted
rRNA target sites. Even though we allowed for much greater
size variation when searching the library, the size range of
these RNAs is 60 – 72 nt, with an average size of 66 nt, a
remarkably uniform size distribution compared to Ψ-guide
RNAs characterized in other eukaryotes. It has previously
been observed that the interaction between the target rRNA
and the snoRNA is responsible for positioning the target
substrate uridine (and Ψ pocket) 13 – 16 nt from either an
ACA or H box sequence for the typical two-stem Ψ-guide
RNA structure characterized in other eukaryotes [32,33]. The
Euglena Ψ-guide RNAs share this property (distance from
their AGA box) with the exceptions of Eg-p7, Eg-p30 and
Eg-p37 (17–18 nt, Table S4). It is currently uncertain whether
structural differences in Euglena Ψ-guide snoRNP structure
may allow for such variation while still efficiently targeting a
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modification site since we cannot definitively rule out the
possibility that other isoforms of these RNAs may exist with
more optimal distances that weren’t amplified or detected in
our library.

The increased number of characterized Ψ-guide snoRNAs
now allows for a more thorough examination of the common
structural features of these RNAs (see Table S4 and S5).
When considering all E. gracilis extended ‘single-stem’ Ψ-
guide snoRNAs discovered to date, the basal stems vary
from 4 – 9 bp in length (6 bp median) and the majority
have predicted canonical base-pairing interactions in this
region. There also appears to be a preference for higher G-C
content in the basal stem (4 G-C bp median), with only a
single RNA possessing a basal stem containing < 50% G-C
content. There are only 7 instances where this stem appears to
be interrupted by bulged nucleotides. The average size of the
more variable apical stem is 12 bp (range of 7 – 16 bp) and the
majority of the identified snoRNAs have at least one mis-
match or bulged nucleotide in this region. When the nucleo-
tide changes observed in the various identified isoforms of a
Ψ-guide RNA species are mapped onto its predicted RNA
secondary structure, sequence variation is common in the

apical stem and predicted to affect secondary structure
(Fig. 4 and S6). Much less frequently do sequence changes
occur that alter the structure of the basal stem. This indicates
that sequence and structural variability in the apical stem is
likely accommodated in Euglena Ψ-guide snoRNP complexes.
This is consistent with what has been observed in yeast, where
basal stems are essential for snoRNA accumulation while the
apical stems do not contribute as significantly to snoRNA
stability [34,35]. Both stems are however essential for the
pseudouridylation reaction [35]. Nucleotide substitutions
between isoforms in Euglena are also very commonly found
in the apical loop region (Fig. 4) seemingly indicating a lack of
strict structural/sequence motifs for snoRNA stability and
possibly functionality, in those regions.

In the collection of Euglena Ψ-guide snoRNA sequences,
50% contain a uridine immediately downstream of the AGA
box (‘AGAUNN’) and 32% of the RNAs have the 3′ end
sequence ‘AGAUGN’ (Fig. S4). We therefore define a new
consensus motif for these RNAs and refer to them as
AGAUGN box Ψ-guide RNAs. It is also noteworthy that
this sequence resembles the internal portion of the consensus

Figure 3. Identified E. gracilis snoRNAs whose guide regions base-pair with pre-rRNA intergenic sequence. Two snoRNAs were identified that each guide a
modification site found at 3′ extremities of rRNA subunit species with their guide regions base-pairing to intergenic sequence. a) Eg-m121 snoRNA guides a 2′-O-
methylation at position A3906 which is located 3 nucleotides from the mature 3′ end of LSU fragment 12. The snoRNA guide region pairs with 4 nucleotides of the
spacer region (inset, bolded nucleotides) between LSU fragments 12 and 13. b) Eg-p38 snoRNA guides a Ψ modification at position U2305 which is located 2
nucleotides from the mature 3′ end of the SSU rRNA. The entire 5′ portion of the pseudouridine pocket (relative to the snoRNA) is formed by base-pairing to the
internal transcribed spacer 1 region (bolded nucleotides), the pre-rRNA region located between the 3′ end of the SSU and the 5′ end of the 5.8S rRNA (LSU 1).
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C and C′ box sequences (UGAUGA) of the methylation guide
box C/D snoRNAs.

Additional programs such as snoSeeker [36], snoGPS [37],
and Psiscan [38] have been developed to search for snoRNAs
in sequence data libraries. However, they are either based on
conserved yeast or mammalian snoRNA features, many of
which are not present in E. gracilis snoRNAs, or depend on
a computational pipeline based on trypanosome sequence
analysis and comparison. Some of these programs were tested
for their ability to successfully find already characterized
Euglena snoRNA sequences in the library sequence data, but
were largely unsuccessful. Therefore, we found that manually
inspecting the initial hits provided through pattern search
parameters (see methods) generated the best overall results.
This strategy is based on the features of the previously identi-
fied snoRNAs in E. gracilis and hence it is possible that the
remaining ‘missing’ snoRNAs may be significantly structu-
rally different from those already characterized. Perhaps a
set of Euglena Ψ-guide RNAs exist which contain multiple
extended stem-loop structures. However, as no double-stem
H/ACA-like snoRNAs were identified using the software
listed above which are optimized to search for such structures,
any Euglena RNAs of this variety would have to be signifi-
cantly structurally divergent from other eukaryotic (yeast and
human) H/ACA box snoRNAs on which the programs were
trained.

Single stem Ψ-guide snoRNAs possessing conserved AGA
sequences have also been identified in trypanosomes, a group
of organisms within the Euglenozoans. Analysis of
Leishmania major [18] and Trypanosoma brucei [17] Ψ-
guide snoRNAs reveals significant structural similarity to the
RNAs identified in our study. Some AGA box Ψ-guide RNAs
in trypanosomes exceeding 100 nucleotides in length have

recently been identified but these RNAs appear to still main-
tain the extended single stem secondary structure [18]. The
genome-wide search for snoRNAs in these trypanosomes
found rRNA modification sites with no apparent correspond-
ing snoRNA guide. It has been proposed that these modifica-
tions might be carried out by protein-only enzymes [17,18].
This may also be the case in E. gracilis as there still remains a
collection of rRNA modifications for which no snoRNA guide
has been identified. The unusual rRNA processing pathway
could require the cooperative action of both stand-alone
enzymes and snoRNA-guided modification complexes.

Evolution of ψ-guide snoRNA species in Euglena

During the analysis of the newly identified AGAUGN box
snoRNAs we found a few sequence isoform groups in which
the isoform members displayed more sequence variation than
is typical for the isoforms of a single Ψ-guide species. The first
pair, Eg-p32 and Eg-p33 were initially clustered in our bioin-
formatics analysis as a single snoRNA species; however, closer
inspection revealed that these two RNAs contain significant
changes in their Ψ-guide pocket regions resulting in the
targeting of two different Ψ modification sites (Fig. 5A,B).
Similarly another pair, Eg-p36 and Eg-p42, possess a high
degree of sequence similarity to each other but contain sig-
nificant changes in their guide regions (Fig. 5A,B). The pre-
dicted structural differences that are evident when comparing
pairs such as Eg-p32 and Eg-p33 (Fig. 5C) further illustrates
the previously described properties of this class of Euglena
ncRNA. This includes the lengthening of the basal stem in Eg-
p33 without creating bulges or mismatches, apparent toler-
ance of a few different mismatches/bulges in the apical stem

Figure 4. Examples of predicted secondary structures of E. gracilis AGAUGN box snoRNA species and isoforms. The boxed nucleotides highlight the AGAUGN
box consensus sequence element and arrows indicate sequence variation between characterized isoforms. Nucleotide changes most frequently occur in the stem
above the internal single-stranded loop regions that form the pseudouridylation pocket and/or in the apical loop region. Each different color represents the
nucleotide changes present in a single isoform species. Black = Eg-p#.1; Grey = Eg-p#.2; Red = Eg-p#.3; Blue = Eg-p#.4; Green = Eg-p#.5. See Fig. S6 for additional
examples.
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of isoforms of Eg-p32 and significant sequence and length
variation in the apical loops of the pairs. In both cases, these
Ψ-guide snoRNA pairs are evolutionarily-related and the
encoding genes have likely evolved by a mechanism similar
to that previously characterized for box C/D snoRNA and
rRNA target site evolution [15]. Euglena snoRNA genes are
often found within tandemly repeated clusters containing
multiple unique snoRNA isoforms of one or both classes
[15,16]. snoRNA gene duplication followed by sequence
divergence within modification guide regions allows the tar-
geting and emergence of new modification sites [15]. This
mechanism of snoRNA evolution has also been observed in
plants [39,40], nematodes [41], and trypanosomes [18]. When
comparing Ψ-guide RNA homologs between different trypa-
nosome species, Eliaz et al. observed both snoRNA gene
duplication and sequence divergence in the pseudouridylation
pockets of the RNAs that allows the targeting of different
rRNA nucleotides, similar to what we observe with the
Euglena Ψ-guide snoRNA paralogs (see above).

Multiple isoforms are present for many of the newly iden-
tified E. gracilis snoRNA species of either class. Up to 9 iso-
forms were found for a single Ψ-guide RNA species (Fig. S4).
This further highlights the high frequency of snoRNA gene

duplication and abundance of this class of RNA in Euglena.
The apparent frequency of snoRNA duplication events is
likely the mechanism that allows for the extensive RNA mod-
ification in this organism and may be an adaptation to allow
for (or even cause) the complex ribosomal biogenesis path-
way; both extensive fragmentation and modification.

Orphan snoRNAs in Euglena gracilis

In addition to snoRNAs predicted to target rRNA, numerous
potential orphan ‘snoRNAs’ were identified (Fig. S5). These
RNAs are similar in size to rRNA targeting snoRNAs, have
canonical sequence box elements and in the case of AGAUGN
box RNAs, contain the conserved secondary structural fea-
tures. However, no mapped modified nucleotide is present in
the rRNA in regions that show any limited base-pairing
potential to the appropriate regions of these RNAs. Of the
newly identified AGAUGN box RNAs found in our library, 8
(20%) were orphans. For box C/D class snoRNAs, 17 (17%) of
the newly identified RNAs were considered orphans. In total,
orphan ‘snoRNAs’ represent 11% of the combined total of all
snoRNA species identified so far in Euglena. These orphan

Figure 5. Evolution of E. gracilis Ψ-guide snoRNA species. a) Alignment of library cDNA sequences of isoforms of Ψ-guide snoRNAs. Two different sequence
isoform clusters were found to have extensive sequence similarity (isoforms of Eg-p32 are similar to Eg-p33, Eg-p36 to Eg-p42) yet display sequence divergence in
the regions that form the pseudouridylation pocket thus targeting different rRNA modification sites. Regions containing the nucleotides corresponding to the
pseudouridylation guide pocket for each of the RNAs are labeled. Letters on a black background indicate identical nucleotides present at that position in 100% of
isoforms, dark gray background indicate 1 isoform differs, light gray indicates 2 isoforms differ, and white background > 2 isoforms differ at that position b)
Illustration of the predicted base-pairing interactions between the snoRNAs (top) and target rRNA pseudouridylated sites (bottom). Experimentally confirmed
pseudouridine sites are indicated as ‘Ψ’. Within the AGAUGN box elements the highly conserved AGA sequence is highlighted and the number of nucleotides (N) to
the base-paired region is indicated. LSU = large subunit rRNA, SSU = small subunit rRNA and the E. gracilis LSU ‘fragment’ species where the modification site resides
is indicated in parentheses. Full-length snoRNA sequences are shown in Fig. S4. c) Predicted secondary structures of the Eg-p32 and Eg-p33 pair with nucleotide
changes mapped. Black nucleotides = Eg-p#.1; Grey nucleotides = Eg-p#.2.
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RNAs also do not appear to be involved in modifying snRNAs
based on examining any base-pairing potential to the mapped
Euglena snRNA modification sites or other snRNA regions
not yet experimentally examined for modifications. Previous
analysis of trypanosome snoRNAs also failed to identify any
guides for snRNA modifications, with the exception of the
spliced-leader RNA [18]. The apparent scarcity of snRNA
modification-guide RNAs in Euglenozoa may indicate that
these modifications are performed by stand-alone protein
enzymes or guided by structurally novel RNAs.

While we do not know the function of these orphan
Euglena RNAs, the discovery of pseudouridylation of mRNA
species in yeast and humans [42–44] raises the possibility that
these orphans may be used to target modification sites in
mRNA or other cellular RNA species. Alternatively, they
could be involved in Euglena’s unique rRNA processing/
assembly pathway, as is suggested as a possible function in
some trypanosomes, or be processed into other types of
ncRNA [18]. Our method for identification of box C/D
snoRNAs relied primarily on the presence of the consensus
sequence box elements at expected positions relative to RNA
5′ and 3′ ends and searches for significant base-pairing inter-
actions to modified sites in E. gracilis rRNA. Comprehensive
identification of all potential box C/D RNAs in the library
sequences is particularly challenging for orphans (without
rRNA base-pairing) because of the short length of C and D
box elements, the even more sequence degenerate C′ and D′
boxes, and the absence of any obvious extended secondary
structural conservation in this class of Euglena snoRNA.
Consequently, we are likely underestimating the abundance
of ‘snoRNAs’ that target modification or perform other func-
tions on non-rRNA species. The conserved ‘AGAUGN’ box
and secondary structural features makes it somewhat easier to
identify orphan RNAs within this other ‘snoRNA’ class.

tRNA identification

As a result of sparse genomic sequence information very few
E. gracilis nuclear tRNAs have been identified to date. Using
the tRNA identification program ARAGORN [25] to detect
library sequences with requisite conserved primary and sec-
ondary structural potential, we have identified 14 tRNAs in
our library which do not map onto the complete E. gracilis
chloroplast genome sequence [45]. Analysis of the E. gracilis
mitochondrial genome failed to identify any tRNA coding
genes, suggesting that these 14 tRNAs are encoded in the
nuclear genome. We cannot rule out that some of these
tRNAs may function in the mitochondria [46]. These tRNAs
include single tRNA isoacceptors for Met (CAU), His (GUG),
Ser (AGA), Cys (GCA), Leu (CAG), and multiple isoacceptors
for Glu (CUC and UUC), Gln (UUG and CUG), Pro (UGG
and CGG), and Ala (AGC, CGC, and UGC) (Fig. S7). While
some of these identified sequences possess mature CCA 3ʹ
ends, a large collection of the tRNA reads are precursors
which contain additional sequence at their 5ʹ and 3ʹ ends.
An abundance of nucleoside modifications in E. gracilis
tRNAs likely explains the higher representation of precursors
and the incomplete representation of all tRNA species in the
library as many tRNA modifications block reverse

transcriptases from extending beyond the modified site,
requiring additional enzymatic treatments of the RNA prior
to RT in order to obtain full-length cDNAs [47]. The limita-
tion of sequence size for Illumina sequencing may also explain
the absence of tRNA precursors containing introns from
being identified in the library. Correct identification of the
new Euglena tRNAs was further confirmed through alignment
to the tRNA isoacceptors in Trypanosoma and Leshmania
species. This showed close sequence similarity of tRNAs
between all these species.
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