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ABSTRACT

Non-protein-coding RNAs represent a large pro-
portion of transcribed sequences in eukaryotes.
These RNAs often function in large RNA-protein
complexes, which are catalysts in various RNA-
processing pathways. As RNA processing has
become an increasingly important area of research,
numerous non-messenger RNAs have been uncov-
ered in all the model eukaryotic organisms.
However, knowledge on RNA processing in deep-
branching eukaryotes is still limited. This study
focuses on the identification of non-protein-coding
RNAs from the diplomonad parasite Giardia intesti-
nalis, showing that a combined experimental and
computational search strategy is a fast method of
screening reduced or compact genomes. The
analysis of our Giardia cDNA library has uncovered
31 novel -candidates, including C/D-box and
H/ACA box snoRNAs, as well as an unusual
transcript of RNase P, and double-stranded RNAs.
Subsequent computational analysis has revealed
additional putative C/D-box snoRNAs. Our results
will lead towards a future understanding of RNA
metabolism in the deep-branching eukaryote
Giardia, as more ncRNAs are characterized.

INTRODUCTION

In the recent past, experimental and computational
approaches have identified a vast variety of non-protein-
coding RNAs (1), generally abbreviated as non-coding
RNAs (ncRNAs), from both unicellular and multicellular
eukaryotes. Many ncRNAs in modern eukaryotes func-
tion in RNA—protein complexes within which the RNAs
may have direct regulatory roles at the reaction centres
(1). The size of many ncRNAs is small compared with

protein-coding RNAs, and lack of sequence homology
often results in difficulties of identifying ncRNAs in
distant eukaryotes through purely biological or computa-
tional approaches. In this study, our combined experi-
mental and computational approach has been successful
in finding novel ncRNAs in the distant eukaryote
Giardia intestinalis.

Eukaryotic genomes are rich in non-protein-coding
sequences. Large-scale cDNA cloning studies have shown
that a large proportion of mammalian RNA transcripts
do not appear to encode proteins (2), and an increasing
number of ncRNAs have been shown to be functional (1).
The origin of ncRNA is likely to date back to the
earliest events when life emerged on earth. The theory of
the ‘RNA-World” (3,4) suggests that self-replicating
RNAs are older than protein or DNA. The versatile
features of RNA molecules support this hypothesis: first,
RNA stores information in the same way as DNA;
second, single-stranded RNA molecules are highly flexible
to form secondary or tertiary structures, like peptides,
they can form enclosed reactive centres and catalyze
biological reactions in liquid environment. However,
modern natural ribozymes have limited catalytic abilities,
as natural ribozymes only perform ligation and/or nucleic
acid cleavage reactions. These reactions are normally not
limited by the rate of the catalytic reaction (5). Therefore,
it is assumed that most ancient ribozymes have gradually
been replaced by protein enzymes (5).

On the other hand, the evolution of ncRNAs has been
continuous, and functions of ncRNAs have been diversi-
fying throughout the evolution of eukaryotes. Based on
structural and functional definition, eukaryotes have
several distinct classes of ncRNAs, which form complex
RNA-processing networks. Table 1 shows that each type
of RNA often participates in the modification of another
type of RNA, and the whole network fits into the general
RNA-processing cascade (6). It is necessary to provide
some brief background on the types of ncRNAs here,

*To whom Correspondence should be addressed. Tel: +64 6 350 9099-7345; Fax: +64 6 350 5626; Email: 1.j.collins@massey.ac.nz

© 2007 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

1102 ‘g Aenuer uo obelQ Jo Alslaniun 1e 610 s[euinolplojxo ieu woly papeojumoq


http://nar.oxfordjournals.org/

4620 Nucleic Acids Research, 2007, Vol. 35, No. 14

Table 1. A brief summary of ncRNAs in the RNA processing network of eukaryotes

Role Type of ncRNA

Function

Transcriptional initiation 7SK snRNA (in mammals)

Intron splicing U snRNAs
mRNA degradation Micro RNAs
tRNA processing RNase P
rRNA processing MRP RNA

C/D box snoRNAs
H/ACA box snoRNAs

Inhibits transcription by binding to CDK/cyclin kinase complex

Function in the catalytic cores of major and minor spliceosomes involving
in excision of introns

Guide the RNAi machinery to homologous mRNAs and trigger mRNA
degradation

Involves in 5 end nuclease activity in pre-tRNA processing

Involves in the endonuclease activity in pre-rRNA processing
2'-O-methylation guide

Pseudouridylation guide

because in this study, we have characterized a number of
different types of ncRNAs from Giardia.

Probably the best studied ncRNAs are uridine-rich
spliceosomal snRNAs (U-snRNAs). They function in the
catalytic centre of major and minor spliceosomes. The
major spliceosome that splices the majority of eukaryotic
introns, consists of 5 U-snRNAs (U1, U2, U4, U5 and
U6) and over 200 proteins (7). The minor spliceosome
is low-abundant machinery containing Ull and UI12
snRNAs instead of Ul and U2, and splices a ‘minor’ (less
frequent) class of introns (8). Both major and minor
spliceosomes may be ancestral to eukaryotes because they
have now been identified in animals, plants, fungi and
recently some distantly related protists (9,10).

The small nucleolar RNAs (snoRNAs) are involved
in rRNA biogenesis. An increasing number of novel
snoRNAs have been widely identified and have been
reviewed in detail (11-15). Based on their structural
motifs, snoRNAs are divided into two classes: C/D-box
2’-O-methylation snoRNAs and H/ACA-box pseudour-
idylation snoRNAs. The snoRNAs bind near the sites of
modification through antisense recognition, and guide
protein enzymes to the sites of editing. In addition, the
functions of snoRNAs can be extended to acting as
general chaperones targeting other nuclear or cellular
RNAs (16-18).

There are a number of larger ncRNAs (>300nt) such as
the RNase P and RNase MRP RNAs. To date, besides the
ribosome, RNase P is the only ribozyme required in both
eukaryotes and prokaryotes (19). Eukaryotes have
another related ribonuclease, RNase MRP, which pro-
cesses a specific site in the pre-rRNA which is not found in
prokaryotes, however, it seems likely that it is present in
all eukaryotic lineages (6). Structural analysis of RNase P
RNAs from phylogenetically diverse eukaryotes reveal
a very similar minimum core (20). The overall structure of
the RNA subunit in RNase MRP is similar to that of
RNase P (21), and also the MRP enzyme shares a number
of proteins with RNase P (22).

The smallest ncRNAs are micro RNAs (miRNAs) with
length ranging from 21-25nt and function in a variety of
gene silencing pathways (23). About 800 miRNAs from
different animals and plants have been reported (24).
miRNAs from animals are usually transcribed as long and
often polycistronic precursors, and then processed into
small hairpin intermediates, which are then cleaved by

a conserved protein Dicer (25) into mature miRNAs.
The Dicer protein has been well studied for Giardia (26).

Recently, new experimental and Dbioinformatic
approaches have identified a great number of novel
ncRNA candidates from many organisms including:
bacteria (27), animals (28-31) plants (32) and protists
(33). The most widely used experimental method for
identifying novel RNA candidates is based on size-selected
cDNA libraries. Since most mRNAs have lengths greater
than 500nt, it is possible to isolate the majority of
ncRNAs by size fractionation on a denaturing PAGE gel.
Several methods are available to generate cDNAs from
purified RNAs including the addition of poly(C)/poly(A)
tail, and adaptor ligation at 5'-end and/or 3’-end, followed
by reverse transcription, cloning and cycle sequencing (34).
Here, we have constructed a cDNA library for ncRNAs
from the deep-branching eukaryote G. intestinalis. Giardia,
a parasitic diplomonad, is phylogenetically distant to all
model eukaryotes (35,36). This unicellular organism has
reduced mitochondria (mitosomes) and lacks hydrogeno-
somes (37). Two spliceosomal introns have been found
(38,39), as well as several spliceosomal proteins (9) which
strongly suggests that Giardia has a functional spliceo-
some. To date, several studies have identified 24 sno-like
RNAs and the RNaseP of Giardia (40-42). However,
there is little systematic research reported for the
RNomics of Giardia.

We have screened our Giardia cDNA library, resulting
in 31 novel candidates, within which, three are possibly
C/D-box snoRNAs, one is possibly an H/ACA box
snoRNA, and one is a fragment of the RNase P RNA.
A computational study using known Giardia’s C/D
box snoRNAs has resulted in new putative snoRNAs.
In addition, an extended transcript has been found for the
RNase P RNA, and two unusual self-cleaving dsRNA
candidates have been studied. Given its proposed basal
position on the eukaryotic tree (36), Giardia is evolution-
arily distant to all the eukaryotic species, and probably
highly reduced. It is not surprising to see that there may be
some different RNA processing components in this
organism. Future comparison of RNA-processing
between Giardia and other eukaryotes is very necessary
in understanding the evolution of RNA metabolism in
reduced organisms (43). RNA processing in Giardia is
expected to have changed in both the RNA and protein
components as a result of genome reduction (43) due to
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the parasitic nature of this organism. Our study moves
towards understanding differences in Giardia RNA-
processing machinery from that other eukaryotes which
to date is largely confined to model, well-studied
eukaryotes.

MATERIALS AND METHODS

Preparation of total RNA from G. intestinalis WB strain
Trophozoites

Cells were collected from TY1-S-33 growth media at
a concentration of 1.4 x 107 cells/ml by centrifugation
(10 min, 2500 r.p.m., 4°C). Total RNA was prepared using
Trizol reagent (Invitrogen) according to the protocol
provided by the manufacturer.

c¢DNA library construction

Total RNA (10 pg) was run on an 8% denaturing PAGE
gel (7M urea, 1 x TBE buffer). RNA in the range of
70-600nt was excised and eluted in 0.3M NaOAc
overnight at 4°C. Subsequently, 10 ug RNA was treated
with tobacco acid pyrophosphatase (Epicenter) for 1 h at
37°C, then C-tailed by poly-A polymerase (Invitrogen) for
2h at 37°C.

A 5" DNA Sal-1 adaptor (5-CAACGCGTCGACTAC
GTGAGATTTGAGGTTC-3') was then ligated to the
RNA using T4 RNA ligase at 4°C overnight. First-strand
cDNA synthesis was performed using the Thermoscript
cDNA synthesis kit (Invitrogen) with Not-1 primer
(5-GACTAGTTCTAGATCGCGAGCGGCCGCCCG
GGGGGGGGGGGGGG-3I).

The RNA-cDNA mix was treated with RNase A and
PCR amplified using Sal-1 and Not-1 primers using a
Biometra thermocycler. The PCR product was then
double digested by Sal-1 and Not-1 restriction enzymes
and ligated into the pSPORTI vector (Invitrogen),
followed by transformation into Eschericia coli Topl0
cells (Invitrogen).

Sequencing

E. coli cells were grown on LB agar plates (100 pg/ml
Ampicilin) at 37°C overnight. Colonies were PCR
amplified using the M13for and M13rev primers (Roche
Taq polymerase):

M13for: 5-CGCCAGGGTTTTCCCAGTCACGAC-3

M13rev: - AGCGGATAACAATTTCACACAGG -¥

PCR products were cleaned by SAP/EXO-1 (GE
Healthcare) treatment and cycle sequenced using BigDye
Terminator version 3.1 and M13rev primer. The sequenc-
ing products were cleaned using CleanSeq (Agencourt)
magnetic beads, and capillary sequenced on a capillary
ABI3730 Genetic Analyzer (Applied Biosystems Inc.).

Computational analysis

The sequences were assembled using DNAMAN 5.2 and
DNASTAR 5.0 packages, and were then blasted against
the Giardia genomic database (http://www.mbl.edu/
Giardia) as well as the NCBI databases (http://
www.ncbi.nlm.nih.gov). Putative snoRNA prediction
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used the modified Snoscan program (Snoscan-G) in C
for Windows (the original source code is available at
http://lowelab.ucsc.edu/snoscan/). However, the C-box
scoring function was modified so that it read user-specified
input of the C-box scoring matrix.

RNA structures were generated using the RNAfold
program from the Vienna-RNA-1.4 Package (http://
www.tbi.univie.ac.at/~ivo/RNA /windoze/), structural
alignment was done using RSmatchl.0 converted for
Windows (original program is available at http://exon.
umdnj.edu/software/RSmatch/) and FoldalignM (http://
foldalign.ku.dk/software/index.html).rRNA sequence
alignments for preliminary methylation site analysis were
generated using ClustalW (44).

RT-PCR and PCR. RT-PCR reactions used Invitrogen
Thermoscript first strand c¢cDNA synthesis kit and
subsequent PCR reactions used Roche Taq polymerase.
Primers:

USFor: 5- CATTCATCTCTGCGGTGGATG -3

US5Rev:5-ACCCCAAAAAATGCAACTGTCTGCC-3¥

U6For: 5- CAAATTGAAACGATACAGAG -3

Ub6Rev: 5'- TCATCCTTGTGCAGGGGCCA -3

testP/GIsR15_For: 5- GGGGAAGGTCTGAGGTC
ATT -3

testP/GIsR15_Rev: 5- AGCTCATAGTCGTGCTTG
CTC -3

In vitro  transcription and RNA  self-cleavage
assays. In vitro transcription reactions used the
Invitrogen T7 RNA polymerase kit to add T7 promoter
sequences to the 5 and 3’ ends of the PCR products. The
RNA products from in vitro transcription were heated to
80°C for Smin and gradually cooled down to anneal. The
dsRNAs were then purified using Roche PCR product
purification kit. All the self-cleavage reactions were carried
at 37°C for 2 h.

Primers used for generating templates for in vitro
transcription:

Geniel_T7_For: 5- TAATACGACTCACTATAGGG
AGACGACCCTCTTCTCCAGCA -3’

Geniel _T7 _Rev: 5- TAATACGACTCACTATAGGG
AGAGGAGCGCAAAGAGGATGA -3

Girepl_T7_For: 5- TAATACGACTCACTATAGGG
AGATGCAGCCCTTCTTGTCC -¥

Girepl _T7_Rev: 5- TAATACGACTCACTATAGGG
AGAGATACCCGGCTGTGC -3

RESULTS
Assembly of cDNA sequences from the RNA library

Assembly of the cDNA sequences resulted in 31 novel
ncRNAs, 15 previously known snoRNAs (40-42) and 10
out of 48 characterized tRNAs (http://www.mbl.edu/
Giardia). Candidates were obtained in the following
manner. A total of 616 initial sequences were assembled
into 166 contigs and each contig was blasted against the
Giardia genome database and NCBI databases to screen
for easily characterized RNAs. After discarding empty
vector contaminants, sequences below the length of 20 nt
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and E. coli contaminant sequences, the remaining
152 contigs (including repeats or duplicates) contained
33mRNA fragments, 28 known tRNA sequences, 10 5.8S
rRNA sequences, 7 LSU rRNA and SSU rRNA frag-
ments, 29 known ncRNAs sequences and 45 unknown
sequences. All the unknown sequences were further
analysed so that any broken fragments of a single RNA
could be reassembled into a complete sequence, leaving
31 novel RNA candidates. Details of candidate sequences
and features are listed in Supplementary Data. In order
to carry out further computational analysis, 5-and
3’-extensions (200 nt from each end) were extracted from
the genome database for each candidate.

New C/D box snoRNA candidates and putative snoRNAs
from computational studies

Eukaryotic 2’-O-methylation C/D box snoRNAs are
characterized by two short sequence motifs near their
5’-and 3’-termini: C-box (‘5-AUGAUGA-3") and D-box
(‘5-CUGA-3"), which are brought together by a short
(4-8) terminal stem (45). There are one or two 10-20nt
antisense guide elements immediately upstream of the
D-box or D’-box, and these elements bind to complemen-
tary sequences on rRNAs spanning the methylation sites
(46). The position of the nucleotide which is methylated
is usually the fifth position upstream of the D-box or
D’-box (47).

Since the Giardia genome is fully sequenced (NCBI
accession number: AACB00000000), it is possible to check
our experimentally found RNAs for snoRNA features
using potential interactions to rRNA sequences. Once we
identify the conserved features of a Giardia snoRNA, we
can identify more snoRINNAs using a computational search.
However, to date there are no full-length rRNA large
subunit and small subunit rRNA sequences available for
Giardia. Raw sequence reads from the GiardiaDB (http://
www.mbl.edu/Giardia) were pulled out individually and
assembled using SeqMan. Three contigs were generated,
and correspond to the large subunit (LSU), small subunit
(SSU) and 5.8S rRNAs, with lengths of 2908, 1449 and
138 nt respectively, and they arrange in the typical
eukaryotic rRNA-gene order of SSU-5.8S-LSU, which
reveals a site of cleavage by RNase MRP (6). The
sequences are listed in Supplementary Data. Shortened
lengths of the Giardia rRNAs are consistent with an earlier
study (48) that Giardia’s rRNAs are much shorter than
usual eukaryotic rRNAs, and unlike other eukaryotes,
Giardia does not appear to have the 5S rRNA (48), which
was also not found during our searches. The snoRNA
search was done using modified source code of the
Snoscan program, which was originally used to identify
a large number of C/D-box snoRNAs from
Saccharomyces cerevisiae (49).

We have predicted 3 C/D box snoRNA candidates
from the 31 novel candidate sequences. Of the 15
known snoRNAs (40-42) that were found in our cDNA
library, 14 are C/D box snoRNAs and 1 is an
H/ACA box snoRNA. Comparing all the available
C/D box, snoRNA sequences revealed that snoRNAs
from Giardia share common sequence features within the

(a) Common structure of Giardia
C/D box snoRNA

(b) New H/ACA-box
snoRNA candidate

guide sequence
(9-25nt)

A—U
G-C

5~ AGGAA G—UGCCG(N9[ AUA -3

¥-uccuu clu]ceGe-5

LSU rRNAU-2302
Predicted pseudouridylation site

Figure 1. (a) Conserved structure of C/D box methylation snoRNAs in
Giardia. (b) Structural prediction of the new H/ACA-box snoRNA
candidate.

C boxes and D boxes. All but one of the confirmed
C/D box snoRNAs has a perfect ‘CUGA’ D-box near the
end of the 3-end, and most Giardia C-boxes have a
conserved sequence ‘5-AUGAU-3" allowing one mis-
match at either 5-or 3’-end. The C-box sequences also
appear more variable as their lengths range between 5 and
7 nt. The C-box scoring function of Snoscan was adjusted
to use the Giardia consensus sequence. The C’-box is
generally missing or poorly identifiable, and the existence
of D’-box is not essential. The length between the C- and
D-boxes is varying from 28 to 124nt. In addition,
few of the known Giardia C/D box snoRNAs have a
terminal stem.

The general structure of Giardia C/D box snoRNAs
during rRNA modification is shown in Figure la.
Structural alignment was done on all the experimentally
found Giardia C/D box snoRNAs using RNA structures
generated from Vienna-RNAfold program, but the result
did not indicate any additional consensus motifs.
Therefore, no further structural features were incorpo-
rated into modifying the Snoscan program. Our modified
Snoscan program, Snoscan-G, identified 13 out of 18
confirmed C/D-box snoRNAs with the following param-
eters: cutoff total score (10), C-box score (2.0) and the
maximum distant between C and D boxes (150 bp). The
others were not recovered due to poorly defined C-boxes
or imperfect D-boxes. This testing indicated that it was
possible to identify additional C/D-box snoRNAs from
the Giardia genome with this computational method.
Table 2 shows the range of scores obtained from
experimentally identified snoRNAs. These are considered
as standard scores for Giardia, thus used to compare with
the scores generated for computationally predicted
snoRNAs further on. We refer to these computationally
predicted snoRNAs as ‘putative’ snoRNAs in order to
distinguish them from the ‘candidate’ snoRNAs found
experimentally.

Due to the short (5nt) and less conserved Giardia
C-box, large volume of output was expected. A whole
genome search for C/D box snoRNAs using the same
parameter settings yielded many (6280) non-repetitive
putative candidates, which were subsequently analysed
through a strict three-step post-scan filtering.
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Table 2. Snoscan scores obtained for experimentally identified Giardia
C/D box snoRNAs

Feature Consensus Best score  Average ~ Worst
score score
C box AUGAU(GA) 8.76 7.9 3.55
D box CUGA 8.05 7.9 3.77
D’ box CUGA 7.34 4.8 0.59
rRNA 9-25nt with 3393 22.7 15.92
complement 1 or 2 mismatches
Total score 21.05 12.4 10

Three features of the putative snoRNAs were looked for
during the post-scan filtering:

(1) The sequences should locate in the non-coding
regions.

(i) The sequences should locate close to reading frames
since Giardia appears not to have separate tran-
scription start sites for snoRNAs.

(iii) The C-boxes of putative snoRNAs are more
similar to the experimentally confirmed snoRNAs
in Giardia (41).

All the output sequences from Snoscan-G were
compared against the database of Giardia open-reading
frames (ORFs) downloaded from GiardiaDB (http://
www.mbl.edu/Giardia) to exclude possible mRNA
sequences. These ORF datasets have been expertly
compiled using software such as GLIMMER and
CRITICA with parameters adjusted for this unique
eukaryote. Our search of this database implicitly filtered
out putative candidates with obvious coding potential.
The status of the Giardia genome is such that a large
number of ORFs remain hypothetical. Any explicit
assessment for coding potential could be on only a
subset of highly conserved proteins and would not be
representative of the entire Giardia proteome. Hence, the
use of this database maximizes our exclusion of con-
taminant mRNAs.

Unlike other eukaryotes, Giardia has only two con-
firmed introns (38,39), and most ncRNAs characterized to
date are located between protein-coding genes, with a
small number (less than 10) of them located on the minus
strand of protein-coding genes. To exclude any ambi-
guities, only sequences located between protein-coding
genes were considered. Sequence searches showed that
most of the Snoscan-G outputs (5857) had full-length
100% match to ORFs, leaving 423 potential putative
snoRNAs. After excluding shorter partial sequences and
repetitive sequences with different names, 357 sequences
remained. To date, all 13 experimentally confirmed C/D-
box snoRNAs that had been detected in the small-scale
Snoscan-G testing were also found in this large-scale
genome search.

It was noticeable that all the experimentally character-
ized snoRNAs were located in ORF-rich regions of the
genome, which could due to the fact that these snoRNAs
do not seem to possess their own promoters. Therefore,
further screening was done based on genomic location.
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Only putative sequences that are located near ORFs were
selected with those appearing in heterochromatic regions
excluded because they are less likely to be transcribed.
This screening left 101 putative snoRNA sequences. Strict
post-scan filtering based on C-box and D-box sequences
was then done so that only sequences with ‘AUGAU’
or ‘GUGAU’ in C-box and ‘CUGA’ in D-box were
considered as highly likely putative snoRNAs. In the end
there were 60 strong putative snoRNAs. All sequences had
distinct C-box and D-box motifs and fulfill the criteria for
Giardia snoRNAs (41,45). In addition, they had average
Snoscan-G total score of 12.5, which was slightly above
the average total score of experimentally identified
snoRNAs. The details of candidates are shown in the
Supplementary Data.

As a control, we generated a random database with its
size equivalent to Giardia genome using a third-order
Markov chain based on 4-mer frequencies (49) within
the Giardia genome. A search of this random sequence
database yielded 6721 false positives with an average score
of 11.8 and a best score of 25.26. As downstream filtering
based on genomic location was impossible to carry out on
randomized data, only the last step of the three-stage
filtering could be performed on this output. Therefore, a
parallel comparison between the Giardia Snoscan-G
outputs and the randomized data outputs was not entirely
applicable since the first two steps of the post-scan filtering
were the most important and based on Giardia genomic
information. However, a strict scan was still performed on
this output with more stringent parameter settings based
on C-box and D-box motifs, as was done in the final stage
of post-scan filtering described above, reduced the
positives down to 89 non-overlapping ones. Although
these outputs contain C-box and D-box motifs, they do
not represent comprehensive data for comparisons. In all,
the purpose of generating a randomized dataset was to
show that post-scan using genomic information was
necessary to improve the selection of putative snoRNAs
in a distant organism such as Giardia.

To test if the large number of initial output from the
random database was due to special features within the
Giardia genome, another Snoscan-G was run on a partial
yeast genome (with a size similar to Giardia genome) using
the same parameter settings. There were 1756 non-
repetitive outputs. This test showed that the Giardia
genome has less regional variation in its sequence, and
this may result in the observation of more false positives.
This testing showed that it was necessary to carry out
stringent downstream filtering as was done in our
Snoscan-G of the Giardia genome to obtain acceptable
putative snoRNAs.

As an additional analysis, human and yeast
C/D box snoRNAs have been mapped onto Giardia
rRNAs (alignments included in Supplementary Data).
Since human and yeast are extremely evolutionarily
distant from Giardia, most known methylation sites do
not have homologues in Giardia, apart from two. ncRNA
candidate-1 from our cDNA library is predicted to guide
methylation of Gy;3; on SSU-rRNA, which corresponds
to the site of modification by human U25 snoRNA.
Snoscan-G predicted putative snoRNA U0025 is likely to
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guide methylation of Cjj;9; on LSU-rRNA, which
corresponds to the site of modification by an undetected
human snoRNA. However, as these alignments are
between such diverse organisms, no extensive conclusions
can be drawn at this time.

In all, our Snoscan-G in combination of the post-scan
filtering has identified 60 C/D-box snoRNA putative
snoRNAs based on information from previously experi-
mentally characterized snoRNAs. This approach was
tested against two negative controls and showed that the
use of Giardia-specific information made it possible to
screen for functional ncRNAs in this reduced genome.

A new H/ACA box snoRNA candidate

The pseudouridinylation guide H/ACA box snoRNAs
have a common secondary structure consisting of two
parallel hairpins linked by a hinge. Two conserved
motifs box H (ANANNA) and box ACA are located
at the hinge and the 3’ tail, respectively, together with
the flanking helix, they play important roles
in box H/ACA snoRNA accumulation (50). However,
compared to the single continuous antisense elements
in box C/D snoRNAs, the antisense elements of
H/ACA box snoRNAs are very short and bipartite (51).
Almost all the H/ACA box snoRNA adopt the two
hairpin model, except one small H/ACA box snoRNA
containing only one hairpin described in Trypanosoma
(52). Based on hallmark sequences and structural features,
one of the identified potential novel ncRNA (candidate 16,
Supplementary Data), is likely to represent a novel
H/ACA box snoRNA. It features a single, long stem
positioned upstream from the ACA box motif as shown in
Figure 1b. As such, it is strongly reminiscent of archaeal
and Trypanosomal H/ACA box snoRNAs, that also
feature a single hairpin (52-54). In agreement with the
rules applying to eukaryotic H/ACA snoRNAs, the
targeted uridine is separated from the H/ACA box by
9-16nt. Therefore, according to structural modelling, we
predict that candidate 16 may guide a pseudouridylation
in LSU rRNA.

RNase P

The ribozyme RNase P cleaves the 5'-end of pre-tRNAs.
The Giardia RNase P RNA was recently identified by
sequence similarity search and the RNase P holoenzyme
was purified (20), and showed that Giardia RNase P RNA
has the conserved eukaryotic RNase P core structure, and
shared extensive similarity with the RNase P RNA of the
microsporidian Encephalitozoon cuniculi. Both RNAs lack
the conserved P3 helix bulge loop, which has been found
in all the other eukaryotes studied so far. The RNase P
RNA has been found in our library (candidate 9), but
surprisingly, the sequence was not terminated at the
previously predicted 3’ end, and extended further into the
GIsR15 snoRNA (41). These two known RNAs have a
24 nt overlap, which is shown in Figure 2. It is likely that
candidate 9 is part of a full-length RNA transcript.
To verify this idea, RT-PCR was done using an upstream
primer (testP/GIsR15_For) that binds within the RNase
P sequence (position 34-53 on the possible full length

RNase P:
5/ IS S P 24nt -3’

GlIsR15 snoRNA:
5. 24nt M E—_3

Candidate 9:
5% 121nt -3

Possible full length transcript containing RNase P:

5 309nt -3

Figure 2. Comparison of RNase P, GIsR15 snoRNA and the new
ncRNA candidate 9.

transcript) and a downstream primer (testP/GIsR15_Rev)
which binds within the GIsR15 snoRNA sequence
(position 269-289 on the possible full length transcript).

RT-PCR results (data not shown) indicate that the
RNase P and GIsR15 are indeed transcribed as a single
transcript. This rises to a question that whether this
transcript is a single functional RNA molecule, or a
precursor to give two different RNAs. Structural studies
(20) indicate that the shorter transcript could fold with
conserved eukaryotic RNase P motifs. Therefore, the
second assumption is preferred. It is possible that an as yet
unknown ribonuclease is involved in producing two
different RNAs from one precursor. However, this leads
to a result that only one of the two RNAs can be
generated as a full-length molecule and the other one will
be non-functional.

Transcribed intergenic repeats

A fragment of the variant surface protein (VSP) mRNA
was found in the cDNA library. It has been suggested (55)
that antisense regulation controls the expression of VSP
genes, and the function of RNA-dependent RNA poly-
merase (RdRp) is involved to restrict the VSP gene
repertoire to a single gene at any one time. Careful
sequence mining within the Giardia genome observed that
there were many tandem repeats sharing short sequence
fragments, and these fragments are often complementary
to repeated sequences in VSP genes and cysteine-rich
protein genes. Blasting a VSP-fragment sequence found in
our cDNA library against the Giardia genome yielded a
potentially functional antisense element. This sequence is
a long tandem repeat consisting of nine units, each
containing one fragment complementary to the VSP
ORF (Figure 3). RT-PCR was carried out targeting
both the ‘+” and ‘-’ strand of this sequence, and the
results showed that both strands were transcribed, to give
a double-stranded RNA product.

Unlike other tandem repeats of retrotransposons such
as LINEs or SINEs, this tandem repeat shows no feature
of any known retrotransposon. In comparison, there have
been a few studies on unusual repeated sequences in
Giardia: one study (56) showed a non-LTR element with
site-specific tandem insertions in a chromosomal DNA
repeat, and suggested that this element was unlikely to
have evolved site specificity unless it did have a function.
Another more recent study showed this element was
transcribed into a dsRNA (57). In addition, there are
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Transcribed long tandem repeat

(Giardia genome Contig 7701)
318954 320942

S > » » » > > » >
—

319113318335 319557 . 319779 320001 320223 320445 520667
2000t

320t Eeeeeeninii

— 'é,<_5, ------ < <
5 Complementary region £

ORF: 137717 (Contig 7645: 94019-95959) Variant-
specific Surface Protein (VSP) A57

Figure 3. Tandem repeats of the Girep-1 RNA. Each fragment
coloured in grey represents a repeating unit (222nt in length, with
the first unit lacking the 5" 63 nt and the last unit extending 54 nt at
3" end) on Girep-1 RNA. Each 32nt fragment coloured in black
represents the repeating Girep-1 sequence that is complementary to the
various-surface-protein (VSP) gene.

22 antisense transcripts identified in the Giardia genome
(www.mbl.edu/Giardia); however, there are no known
functions of these transcripts.

Our study has revealed a surprising feature shared by
two tandem repeats in Giardia: one repeat is the
experimentally verified dsSRNA with fragments comple-
mentary to the VSP (Rep-1); and the other is the non-LTR
element Genie-1 (56). A partial sequence from each
element was amplified by PCR with T7-promoter attached
primers. The PCR products were transcribed by T7 RNA
polymerase to produce dsRNAs. As a control, a single
stranded Rep-1 RNA was also produced by elimination of
T7 promoter sequence from the reverse primers. Both
dsRNAs underwent one self-cleavage at roughly the
middle of the sequence (under a basic assay condition
with Mg®" added to water or buffer) (Figure 4a). The
single stranded Rep-1 control did not cleave (Figure 4b).
Timing Mg " titration (Figure 4c) assay and divalent ion
assays (Figure 4d) were performed with the Genie-1
dsRNA. Results showed that the self-cleavage did not
happen when Mg?" concentration was below 1 mM; and
self-cleavage only happened at the present of Mg?" or
Co’", while Mn*" and Ca®" did not have any effect.
In addition, addition of EDTA prevented Mg>* induced
cleavage. Further investigation will be necessary to
analyse this unusual phenomenon.

DISCUSSION
Combined experimental and computational approach

The aim of this study was to explore the variety of
ncRNAs in Giardia and obtain a view of ncRNA
expression in this genomically reduced deep-branching
eukaryote. The scale of this cDNA library is small
compared with equivalent studies of ncRNAs in other
organisms (28-32). However, studying on a relatively
small scale can help getting a comprehensive view of the
special features and conserved patterns within this
organism, before any large scale studies are attempted.
There were previously no systemic studies on the ncRNA
composition of Giardia. As an extant group of eukaryotes,
Diplomonads share very low sequence homology with
other eukaryotes, which makes characterization of RNAs
extremely difficult. From the 31 novel ncRNA candidates,

Nucleic Acids Research, 2007, Vol. 35, No. 14 4625

only 3 can be identified by homology searching as
C/D box snoRNAs, the rest have little similarities to
known types of ncRNAs.

However, comparing the 18 characterized
C/D box snoRNAs from Giardia has shown that these
snoRNAs still share the basic conserved features seen with
snoRNAs from other eukaryotes. This makes a computa-
tional screen possible. Within the computationally
identified putative snoRNAs, we recovered 13 out of our
control set of the 18 experimentally characterized
snoRNAs. Snoscan-G used looser parameters than the
original Snoscan program in order that the experimentally
identified snoRNAs (13 in this study) were included in the
results. This ensured the sensitivity of the algorithm which
was then used for a whole-genome search. However, the
large number of false positive hits obtained from the
negative control search on a random database, indicated
the requirement for other post-scan filtering of putative
snoRNA sequences using data unable to be included in the
Snoscan-G software. Also, a fairly large result obtained
from scan of the yeast genome confirms that the param-
eter settings for Snoscan-G are less stringent than the
original Snoscan program. Comparing putative snoRNA
sequences against the ORF database excluded most of the
first-round positive hits, and information from genomic
locations of the sequences extended the reliability of the
putative snoRNAs.

Possibly due to its reduced genome, Giardia’s snoRNAs
are less conserved than those of other eukaryotic
organisms; therefore it was necessary to apply less
stringent searching criteria. This is because there are as
yet no additional Giardia-specific sequence features, which
can be incorporated into the algorithm. This explains the
increase in false positives when large databases are
screened. However, combining several filtering steps
dramatically reduced the number of positive hits, and at
the same time did not result in the loss of any true
positives. The remaining putative snoRNAs showed
greater similarities to the experimentally identified
snoRNAs than the first-round Snoscan-G results before
post-scan filtering. Therefore, our computational
approach is reliable when used in parallel with an
experimental approach speeding up the discovery of
novel putative ncRNAs.

Encoding patterns of ncRNAs in Giardia

Blasting the novel RNA candidates against the Giardia
genome revealed three types of encoding patterns.

(i) Most ncRNAs in Giardia are encoded as single
copies between protein-coding genes. According to
current knowledge of Giardia, almost all the
protein-coding genes are intronless (38,39) and it
becomes natural that ncRNAs find their places in
intergenic regions. The genome of Giardia is
compact; and the genes generally have very short
gaps (often <200nt) between one another. Almost
all the ncRNAs observed so far are located in ORF-
rich regions, but do not appear to possess their own
promoters, although this may be due to the fact that
Giardia does not appear to have well characterized
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(b)

(d)

Figure 4. Self-cleavage reactions of the Genie-1 dsRNA and Girep-1 dsRNA. All the reactions were incubated at 37°C for 2h, and run on 8%
denaturing polyacrylamide gel containing 7M urea at 350 V. (a) Self-cleavage reactions of dsGenie-1 RNA (left to the size marker) and dsGirep-1
RNA (right to the size marker); buffer: 20mM HEPES, 150 mM NaCl, with or without 2.5mM MgCl,; (b) The test of ssRNA of Girep-1 in water
with 2.5mM MgCl,; (¢) Mg? " titration assay of Genie-1 dsSRNA and (d) the test of different ions with dsGenie-1 RNA in water with 2.5mM of each

divalent ion, and EDTA was added to 50 mM on the last lane.

promoter sequences as there is a lack of conserved
sequence in the promoter region. One possibility is
that these ncRNAs may co-transcribe with their
adjacent ORFs, and the pre-transcripts are later
processed to give mRNAs and ncRNAs. If this is
the case, there must be specific RNA-processing
machinery to carry out the task. One possible
candidate is the spliceosome, as it is highly unlikely
for a whole spliceosome to remain just for proces-
sing two introns (38,39).

(i) Three novel candidates from the cDNA library
show polymorphic variations in having several
nearly identical copies in the genome with most of
the polymorphic copies not located near predicted
ORFs. It is not known if all the polymorphic copies
of these RNAs are transcribed, because for each of
the three candidates only one form has been seen in
our cDNA library. Some of these polymorphic
copies are encoded in tandem repeats, but the rest
are located in a distant part of the genome. It has
been known that some ncRNAs such as U2
snRNAs in Xenopus do have this feature in
developmental regulation (58); however, the poly-
morphic forms of our candidates do not have any
sequence similarity to known spliceosomal snRNAs.

(iii) Long retrotransposon-like tandem repeats of
ncRNAs are described in the Results section. The
experimentally confirmed tandem repeat is located
in an ORF-rich area of the genome with both

‘+’ and ‘=’ strands adjacent to neighbouring
protein-coding genes. We suggest that it is likely
that they are co-transcribed with mRNAs and are
subsequently cleaved by a specific but yet unknown
mechanism. The novel self-cleaving feature of the
dsRNAs derived from the two retrotransposon-like
elements will require further investigation.

The puzzle of spliceosomal snRNAs in Giardia

There is very little known about splicing in Giardia.
Sequence mining from the genome shows that most of the
eukaryotic specific spliceosomal proteins (9) are present in
Giardia, as well as the important U5 snRNA (59), which
functions at the centre of both major and minor
spliceosomes. It is common in eukaryotes that the
spliceosomal snRNAs are expressed at a high level (60),
since intron splicing generally occurs at a high rate.
However, it seems not the case in Giardia. We did not find
any sequence in our cDNA library with similarity to any
known spliceosomal snRNA. To determine the possible
presence of any spliceosomal snRNAs in the library, PCR
reaction using the US primers (Materials and Methods
section) was done on the cDNAs. Results show that U5
snRNA is expressed and present, but in very low
quantities. Another puzzling question concerns the U6
snRNA. U6 snRNA is the most conserved spliceosomal
snRNA across all the ecukaryotes studied to date.
U6 snRNAs take part in the actual catalysis during
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splicing (61), and share extensive sequence similarities
across cukaryotes. In an early study (62), it has
been shown that a single pair of PCR primers could
detect U6 snRNAs from 17 different species of eukaryotes.
As a trial, the same pair of primers was tried on Giardia
in both genomic PCR and RT-PCR reactions.
Despite extensive effort, there is as yet no detectable
candidates for a Giardia U6 snRNA. It is therefore
concluded that our current approach is not powerful
enough to solve the puzzle of Giardia’s spliceosomal
snRNAs.

Novel ncRNA candidates

Total 26 out of our 31 novel RNA candidates cannot yet
be extensively characterized as belonging to any known
class of ncRNA; a feature seen in other species-specific
studies (29). Structural studies and motif analysis of these
RNAs did not show distinct features found in known
ncRNAs. A number of these RNAs are GC rich,
providing a basis for strong helical structures. Lack of
characterization is possibly due to the highly divergent
sequences of Giardia compared to those of the major
eukaryotic groups, and because most computer programs
developed for identifying ncRNAs are based on human
and yeast. One way to further approach the identification
of ncRNA is through more computational studies by
incorporating more Giardia-specific information into the
existing programs, followed by experimental verification
of our proposed candidates. Another way is through
biochemical studies of central protein components of
various RNA processing pathways. These are to be
investigated in the future.

In conclusion, our cDNA library successfully uncovered
31 novel ncRNAs from Giardia, and our computational
approach was shown to be a useful method that worked
well in parallel with an experimental approach to aid
discovery of 60 potential putative snoRNAs in a deep-
branching eukaryote. Although it is hard to characterize
each candidate ncRNAs found from the cDNA library
due to sequence divergence, as far as we can tell, Giardia
has quite typical eukaryotic RNA processing despite being
reduced and with many introns lost. The transcriptional
patterns seen in these ncRNAs may help in understanding
the mechanism of RNA processing. Future work will
continue to be done in investigating the unusual properties
of ncRNAs by combined biochemical and computational
methods.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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