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Antigenic variation in Giardia lamblia is
regulated by RNA interference
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Giardia lamblia (also called Giardia intestinalis) is one of the most common intestinal parasites of humans. To evade the host's
immune response, Giardia undergoes antigenic variation—a process that allows the parasite to develop chronic and
recurrent infections. From a repertoire of ~190 variant-specific surface protein (VSP)-coding genes, Giardia expresses only
one VSP on the surface of each parasite at a particular time, but spontaneously switches to a different VSP by unknown
mechanisms. Here we show that regulation of VSP expression involves a system comprising RNA-dependent RNA
polymerase, Dicer and Argonaute, known components of the RNA interference machinery. Clones expressing a single
surface antigen efficiently transcribe several VSP genes but only accumulate transcripts encoding the VSP to be expressed.
Detection of antisense RNAs corresponding to the silenced VSP genes and small RNAs from the silenced but not for the
expressed vsp implicate the RNA interference pathway in antigenic variation. Remarkably, silencing of Dicer and
RNA-dependent RNA polymerase leads to a change from single to multiple VSP expression in individual parasites.

Clonal phenotypic variation of surface-exposed antigenic determinants
(antigenic variation) is a major evasion process developed by several
microorganisms, which use different mechanisms to switch the expres-
sion of their surface antigens to maintain chronic infections under the
continuous immune pressure generated by their hosts'. The proto-
zoan G. lamblia also undergoes antigenic variation®. This binucleated,
flagellated parasite not only is one of the most common causes of
human intestinal disease but also is of great biological interest because
it derives from the earliest branch of the eukaryotic line of descent™. In
Giardia, antigenic variation accounts for the variable and/or persistent
course of some infections as well as for the propensity for multiple re-
infections, and involves a family of VSPs*’. VSPs cover the entire
surface of the trophozoite and are the main antigens recognized by
the host immune system’. VSPs vary in size from 30 kDa to 200 kDa;
they possess a variable cysteine-rich amino-terminal region and a con-
served carboxy-terminal region that includes a hydrophobic transmem-
brane domain and a short cytosolic tail’. The parasite genome encodes a
repertoire of about 190 VSP genes®, but only one VSP is expressed at any
given time on the surface of individual trophozoites™®. Switching to the
expression of another VSP occurs once every 6—13 generations, even in
the absence of any immunological pressure’. Similar to most other G.
lamblia genes, VSP genes have no introns and their 5" upstream regions
are relatively short and have been found to have limited or no sequence
conservation. Moreover, there are no typical eukaryotic promoters pre-
sent in these regions. The 3" downstream regions from Giardia genes,
including VSP-coding genes, also tend to be short, typically 0-30
nucleotides long. So far, neither gene-rearrangement processes nor
promoter-dependent switch-on/switch-off mechanisms have been
demonstrated to be involved in Giardia’s antigenic switching®>’.

To delve into the molecular mechanisms involved in Giardia’s anti-
genic variation, we initially performed nuclear run-on experiments to
determine whether regulation of VSP expression is controlled at the
transcriptional or at the post-transcriptional level. Then, we searched
for the existence of sense and antisense VSP RNAs in trophozoites by
polymerase chain reaction with reverse transcription (RT-PCR) and

for the activity of enzymes involved in the synthesis and degradation of
double-stranded (ds)RNAs in some eukaryotes, such as RNA-
dependent RNA polymerase (RdRP), Dicer and Argonaute. The char-
acterization involved cloning and expressing these genes as well as the
analysis of small RNAs generated from VSP dsRNAs. Additionally,
expression of different VSPs was evaluated after silencing the compo-
nents of the Giardia RNA interference (RNAi) pathway.

Transcription of VSPs in Giardia

Transcription of VSP genes was analysed by nuclear run-on assays
using RNA isolated from trophozoites of clone WB9B10 (Fig. 1a),
which only express VSP9B10 (GenBank accession number
AAK97086) on their surface (Supplementary Fig. 1). The results
indicate that most of the VSP genes were simultaneously transcribed.
In contrast, when total RNAs extracted from two different Giardia
clones (WB9B10 and WB1267) were probed with an oligonucleotide
corresponding to the conserved 3’ end of VSP genes, only one tran-
script of the molecular size corresponding to the VSP expressed on
the surface of these clones was detected (Fig. 1b). Additionally, very
low-molecular-weight bands, suspected to be degradation products,
were seen. Accumulation of only one VSP transcript was observed in
different Giardia clones using vsp-specific probes (reviewed in ref. 3).
These results raise the question of why only one VSP transcript accu-
mulates if more than one vsp is transcribed at the nuclei of the
parasite. One possible explanation is that the non-traduced VSP
messenger RNAs are specifically degraded, a feature of a post-tran-
scriptional gene silencing (PTGS) model”'.

Post-transcriptional gene silencing in Giardia

A key step of PTGS is the production of dsRNAs that share homology
with the silenced gene”'*. RT-PCR assays designed to specifically amp-
lify sense or antisense VSP products revealed, after cloning and sequen-
cing these fragments, that RNAs of both strands are present in
trophozoites (Supplementary Fig. 2). To evaluate the possible simul-
taneous transcription of sense and antisense RNAs for VSP-coding
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Figure 1| Several VSP genes are simultaneously transcribed in Giardia.

a, Nuclear run-on using freshly isolated Giardia nuclei transcribed in vitro in
the presence of [**P]UTP. Total RNA from clone WB9B10 was used to probe
amembrane on which different DNA products were slot blotted. Isolated vsp
fragments (vspS1-S8, Supplementary Fig. 2) are on the left, whereas specific
genes (vsp9B10, vsp1267, vspA6, vspH7, cwpl, cwp2 and gdh) and the cloning
vector pGEM, used as negative controls, are on the right. cwpl and cwp2
were not transcribed in non-encysting trophozoites, and neither was vspH?7,
which is not present in the genome of the WB isolate, whereas gdh showed
active transcription. b, Northern blot analysis on total RNA extracted from
clones WB9B10 and WB1267 probed with the 3’ conserved region of vsp
(Supplementary Fig. 2). In addition to very-low-molecular-weight species, a
single transcript of the size corresponding to the mRNA encoding the clone-
specific VSP was found (asterisks). Size markers in nucleotides are displayed
on the left. ¢, Sense and antisense in-vitro-transcribed genes (vsp9BI0,
vsp1267, vspA6, vspH7, cwp2 and gdh) were slot blotted and hybridised with
the products of nuclear run-on under the same conditions as in Fig. 1a. Only
sense transcripts were detected. d, Comparison among PCR products
generated from clone WB9B10 trophozoites by specific primers (9B10F/
9B10R and 1267F/1267R) on genomic DNA (lanes 1 and 5), or cDNAs
generated with either reverse primer R2 (lanes 2 and 6) or sense primer S1
(lanes 3 and 7). Lane 4 is a control of 7 without RT. The white arrow indicates
the vsp9B10 fragment, which is present in genomic DNA and in the sense
cDNA but not in the antisense cDNA. The black arrow indicates the vsp1267
fragment, which is present in genomic DNA, in the sense cDNA and in the
antisense cDNA. M, molecular marker.

genes, as suggested to occur for other genes in Giardia by a relaxed
mechanism controlling transcription'', we performed a second nuclear
run-on experiment using specific sense and antisense probes (Fig. 1c).
In this assay, we were unable to detect VSP-antisense RNAs, indicating
that those molecules could be generated post-transcriptionally. We also
analysed PCR products generated from clone WB9B10 using vsp9B10-
and vsp1267-specific primers (Fig. 1d). The band corresponding to
vsp9B10 was present in genomic DNA and sense complementary
DNA but poorly in antisense cDNA. In contrast, vsp1267 (GenBank
accession number M63966), which is not expressed on the surface of
clone WB9B10, could be amplified from genomic DNA, and equally
amplified from both sense and antisense cDNAs. These results dem-
onstrate that VSPs are transcribed simultaneously (further supporting
the results of the nuclear run-on experiments), and that there is an low
abundance of antisense transcripts for the VSP that is expressed and a
presence of antisense RNAs for VSPs that are transcribed but not
translated.

Components of the Giardia RNAi machinery

RdRP-mediated, unprimed production of dsRNAs from aberrant
mRNAs and primed/unprimed production of dsRNA guided by
short interfering RNAs (siRNAs) is necessary for triggering RNAi
in some organisms'*'*. It has been suggested that this enzyme could
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be acting as ‘an aberrant-RNA sensor’®>. A Giardia homologue of
RARP was identified. This RARP gene encodes a basic protein of
155,257 Da that shares high homology with other eukaryotic
RdARPs and greatly differs from the one encoded by the Giardia
virus'®, indicating the protozoal nature of the identified gene.
Analysis of the Giardia RARP sequence indicates that this protein
lacks signal peptide and transmembrane domains, but contains a
ribosomal protein S2 signature-1 motif, which has been associated
with mRNA binding"”. Giardia RARP transcription was verified
by RT-PCR and northern blotting, and its localization assessed by
haemagglutinin-tagged expression. RARP of different organisms
have cytosolic or nuclear localization, but our results show that
Giardia RARP is probably associated to ribosomes present on the
cytoplasmic side of the endoplasmic reticulum. Moreover, the
enzyme is active in trophozoites, because it was capable of forming
high-molecular-weight RNAs in vitro in the presence of homologous
VSP RNAs (Supplementary Fig. 3b).

A characteristic of RNAI is the degradation of dsRNA into ~21-25-
nucleotide siRNAs by the dsRNA-specific RNase Dicer'®. Previously, a
Giardia Dicer homologue was identified, its structure solved, and the
in vitro Dicer activity of the recombinant protein demonstrated'®.
Here we show that this enzyme is constitutively expressed during
the entire life cycle of Giardia and verify its cytoplasmic localization
(Supplementary Fig. 3). To evaluate the activity of Giardia Dicer, in
vitro assays using radiolabelled dsRNA were exposed to a post-nuclear
Giardia extract. Our results (Fig. 2a) demonstrated that, regardless of
the gene and the strand that is labelled (sense, antisense, or both),
dsRNAs are processed into small RNA fragments of 20-30 nucleotides
(similar to those shown for the recombinant enzyme in ref. 19), and
that this processing is favoured, as in other eukaryotes®, by the pres-
ence of ATP (Fig. 2b). In addition, small RNAs obtained from those
experiments were able to be cloned similar to siRNAs that have 5’'-P
and 3'-OH ends. Sequencing of those siRNAs indicated that they
derived from the input VSP genes and that they are 22-25 nucleotides
in length (Supplementary Table 1).

Argonaute proteins are essential players in gene-silencing pathways
guided by small RNAs. These proteins are part of the RNA-induced
silencing complex that recognizes the target mRNA and guide post-
transcriptional gene silencing either by destabilization of the mRNA
or by translational repression*'. We were able to identify in Giardia a
single Argonaute protein (Giardia AGO) that has PIWI and PAZ
domains. Its expression was evaluated by northern blotting and its
cellular localization determined by expressing an haemagglutinin-
tagged version of the protein. Similar to that observed in other cells™,
Giardia AGO localizes to the cytoplasm (Supplementary Fig. 3).

Regulation of VSP expression

The occurrence of multiple, homologous VSP transcripts could direct
the generation of antisense RNAs by Giardia RARP after transcription
of several VSP genes took place. Moreover, the presence and activity of
Dicer, and probably of AGO, suggests that an RNAi-like mechanism
might be involved in regulation of the expression of surface antigenic
variants in Giardia. In this cell in particular, a post-transcriptional
regulatory system lying in the cytoplasm might be beneficial to syn-
chronize both transcriptionally active nuclei of the parasite’.

To test this hypothesis, we analysed whether the Giardia PTGS
machinery could discriminate the presence of different VSP
mRNAs by mixing Giardia cytoplasmic extracts with one, two or
three different VSP transcripts generated in vitro. When two or more
labelled VSP mRNAs were incubated with trophozoite extracts con-
taining the RNAi machinery, small VSP RNAs were produced, with
an identical pattern to the Dicer activity assay products (compare
Fig. 2a and Fig. 2¢). In contrast, whenever a single transcript was
incubated, no mRNA degradation took place. Additionally, if the
unrelated genes cwp2 (which encodes the cyst wall protein 2; not
shown) or gdh (which encodes glutamate dehydrogenase) were
added to a single radiolabelled VSP mRNA, no degradation to small
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Figure 2 | Dicer activity and detection of VSP small RNAs in Giardia.

a, Generation of small RNAs from dsRNAs by Giardia extracts
demonstrated Dicer-like activity. For vsp1267 dsRNA, both strands (lane 1),
only the sense RNA strand (lane 2) or only the antisense RNA strand (lane 3)
were radioactively labelled. For vsp9B10 and gdh both strands were labelled.
Double-stranded RNAs were incubated with a Giardia WB9B10 extract at
37 °C for 1 h; next, total RNA was isolated and electrophoresed. In all cases,
small RNAs were produced. b, Effect of the presence of ATP on dsRNA
processing by Giardia. Lanes 1 and 2 show untreated controls: incubation of
vsp1267 dsRNA with Giardia cytoplasmic lysates without ATP depletion (1 h
and 3 h of incubation, respectively). ATP was depleted with 2 mM glucose
and 0.1 U pl ™! hexokinase (lane 3) and then regenerated using
phosphocreatine (CP, lane 4), creatine kinase (CK, lane 5) or both (lane 6).
¢, Generation of small RNAs by incubation of vsp riboprobes with Giardia
extracts from clone WB9B10. One, two or three different VSP mRNAs
(vsp9B10, vsp1267, vspH7) were mixed and incubated with Giardia extracts.
[*?P]-labelled small RNAs were produced whenever more than one
transcript was present. RNA size markers in nucleotides are on the left.

d, Total RNA from clone WB9B10 and clone WB1267 trophozoites as well as
low-molecular-weight (LMW) RNAs from the clone WB1267 were
electrophoresed, blotted and probed using partially digested in-vitro-
transcribed vsp9B10 RNA. In clone WB9B10, no small RNAs were found. In
contrast, small RNAs from vsp9B10 were present in clone WB1267 (arrow),
which does not express VSP9B10. Interestingly, ~70-nucleotide-long RNAs
(asterisk) that might represent incompletely digested mRNAs can also be
observed. gdh was used as a loading control.

RNAs was detected (Fig. 2¢), indicating that the silencing machinery
specifically processes homologue RNAs. Similar results were
obtained when using cell extracts from different Giardia clones
(WBA6, WB1267 or GSH7): vsp9B10 RNA was processed to small
RNAs only when combined with other homologue VSP genes but not
when it was the only vsp added to the reaction (Supplementary Fig.
4). Tt is clear that, under the conditions used in these experiments
(excess of exogenous RNAs, short incubation times), the presence in
the trophozoite extracts of endogenous siRNAs and various sense and
antisense VSP RNAs certainly does not interfere with the silencing
process. Because the VSP mRNAs used in these experiments were
synthesized in vitro, it is obvious that the silencing mechanism can
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discriminate among homologous mRNAs in the absence of any pos-
sible post-transcriptional RNA modification.

Considering that sense and antisense VSP transcripts were found
in Giardia and that Dicer activity was demonstrated experimentally,
we looked for small RNAs resulting from vsp dsSRNA degradation.
Using partially a digested vsp9BI0 probe for northern blot assays in
Giardia clones WB9B10 and WB1267, we were able to detect small
RNAs for VSP9B10 in the clone that does not express that VSP
(WB1267 in this case). On the other hand, no small RNAs for
VSP9B10 were found in clone WB9B10, which expresses VSP9B10
on the parasite’s surface (Fig. 2d)

These results raise the question of how a single VSP transcript
bypasses this silencing process and is translated and expressed at
the surface of the parasite. In some organisms it is known that
RNAI correlates with methylation of homologous DNA sequences,
which in turn modulates transcription®”. Nonetheless, DNA methy-
lation has been reported to be absent in this parasite’. Moreover,
methylated nucleotides could not be detected in Giardia DNA by
high-performance liquid chromatography (Supplementary Fig. 5).
In this context, it is reasonable that after the transcription of the
vsp repertoire, differences in concentration of each VSP transcript
might constitute an exclusion factor that allows the temporally most
abundant VSP mRNA to saturate the silencing machinery and be
expressed at the parasite surface.

To test whether the concentration of different VSP transcripts has
a role in antigenic switching, we unbalanced VSP expression in vivo
by expressing in clone WB9B10 either vspH7 (GenBank accession
number, AAA18202) or constructs containing antisense regions of
vsp9B10 under the control of a strong promoter such as that of the
o-tubulin gene***. VSPH7 showed variable expression even under
the pressure of the selection drug, and VSP9B10 also decreased over
the time (Supplementary Fig. 6). Besides, when VSP9B10 was
knocked down, its expression on the parasite’s surface diminished
slightly faster than in the control (Supplementary Fig. 7). These
results suggest that the promoter region of vsps has little or no influ-
ence on VSP expression and, therefore, that a PTGS mechanism must
be involved in Giardia’s antigenic variation. Additional in vitro
experiments in which the concentration of different VSP transcripts
was unbalanced demonstrated that mRNA concentration may be
relevant for a given VSP to circumvent the silencing machinery
and be translated (Supplementary Fig. 8).

Silencing of Giardia RdRP, Dicer and AGO

Because specific gene knockouts are not possible in Giardia owing to
its polyploidy and the presence of two nuclei’, we sought for direct
evidence supporting the involvement of the characterized RNAi
components during antigenic variation by knocking down the
expression of Giardia dicer, rdrp and ago by constitutive expression
in trophozoites of part of their antisense transcripts®. When a reduc-
tion of the expression of rdrp (RARP-AS) or dicer (Dicer-AS) took
place (Supplementary Fig. 9), trophozoites that express more than
one VSP in their surface were generated, as determined by immuno-
fluorescence assays using specific monoclonal antibodies (Fig. 3a and
Table 1), flow cytometry (Fig. 3b) and western blotting (Fig. 3c).
Silencing of Giardia ago did not produce any viable clone, suggesting
that this molecule is essential for the parasite, probably by maintain-
ing the integrity of the genome by controlling the action of transpo-
sons®. Cells in which Dicer or RARP were knocked down proliferate
and encyst in culture as normal, and no deleterious effect on VSP
regulation caused by the procedure was observed (Table 1).

Our results are consistent with a major role for the cellular PTGS
machinery itself in the selection of one VSP transcript destined to be
expressed in a single trophozoite. Although this PTGS mechanism
resembles gene silencing phenomena controlling the expression of
foreign genes'?, in Giardia it targets a family of endogenous genes, as
recently demonstrated in mouse oocytes*>”. It has been shown that
antisense transcripts for CWPI1 also appear early during Giardia
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Figure 3 | Expression of different VSPs in Giardia rdrp- and dicer-
knockdown transgenic trophozoites. a, Direct immunofluorescence assay
on mock-transfected (top panel) or Dicer-AS-transfected (bottom panel)
trophozoites with FITC-conjugated monoclonal antibody 9B10 (VSP9B10;
left panel) and TRITC-conjugated monoclonal antibody 5C1 (VSP1267;
right panel). When Giardia Dicer expression was knocked down,
trophozoites expressing VSP9B10 on the surface also expressed VSP1267
(merged image; middle panel). b, Percentage of Giardia trophozoites
expressing a particular VSP as determined by flow cytometry assays using
specific monoclonal antibodies (VSP9B10, monoclonal antibody 9B10;
VSP1267, monoclonal antibody 5C1; VSPA6, monoclonal antibody 6A7) on
clone WB9B10, clone WB1267, and with cells transfected with antisense
constructs for Giardia RARP (RARP-AS) or Giardia Dicer (Dicer-AS). Goat
anti-mouse immunoglobulins were used as a negative control. Clones
display clear single-VSP expression patterns, whereas RARP-AS and Dicer-
AS show expression of more than one VSP per trophozoite. ¢, Western blot
analysis of protein extracts from wild-type WB9B10 and WB9B10
trophozoites in which Dicer has been knocked down. After electrophoresis
and transfer to nitrocellulose, the filters were hybridised with either (1) the
monoclonal antibody 12F1 clone G3 (generated against the CRGKA domain
conserved in all VSPs) or (2) monoclonal antibody 9B10 (specific for
VSP9B10). Results show that the specific monoclonal antibody anti-
VSP9B10 recognizes only one band in clone WB9B10 and in transgenic
trophozoites, whereas the monoclonal antibody 12F1 reacts with many
protein species in the transgenic cells, indicating that many VSPs are
expressed simultaneously in Giardia when the RNAi pathway has been
disrupted.
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Table 1| Quantitative analysis of VSP expression in Giardia rdrp- and
dicer-knockdowns

VSP None Mock Giardia RARP-AS  Giardia Dicer-AS
VSP9B10 99 £ 0.5 98 £ 1.2 90 £ 0.6 18 =20
VSP1267 0 05*01 96 = 0.2 2209
VSPA6 0 0 48 =23 17 £ 13
VSPS1 0 0 62+41 36 +21
VSPS2 0 0 33+11 28 £ 39
VSPS7 0 0 73 £03 65 * 4.4

Percentage of Giardia trophozoites expressing a particular VSP as determined by indirect
immunofluorescence assays using specific monoclonal antibodies (VSP9B10, monoclonal
antibody 9B10; VSP1267, 5C1; VSPA®6, 6A7; VSPST, 1B2; VSPS2, 7B8, VSPS7, 6F8) on WB9B10
trophozoites transfected with the antisense construct of genes encoding Giardia RdRP and
Dicer, with empty plasmid only (mock transfected) or non-transfected (none), after 5days in
culture. Goat anti-mouse immunoglobulins were used as a control and showed no reaction (not
shown). Data represent the mean = s.d. of three independent experiments performed in
duplicate. Results indicate that many different VSPs are expressed in single trophozoites, as
judged by addition of each percentage.

encystation®®. Because CWP genes also comprise a family of homolo-
gous genes, it is possible that, in addition to their transcriptional regu-
lation®, a post-transcriptional process may be affecting CWP mRNA
stability.

It is still an open question how Giardia changes expression of one
VSP for another. Because VSP switching occurs randomly, we favour
the hypothesis that variations in general or local concentrations of
different VSP transcripts, as occur in higher eukaryotes®’!, may
determine which one will circumvent the silencing system. It is then
possible that during cell division each daughter switches to the
expression of a different VSP. Alternatively, there may be differences
in the level of transcription for each vsp. Consistently with this hypo-
thesis, we have detected variations in individual vsp expression levels
in nuclear run-on experiments performed as in Fig. 1. This sort of
variation might depend of the chromatin state in different areas of the
genome or the position of each gene within the genome. In this
regard, it has been suggested recently that a possible epigenetic
mechanism is involved in Giardia’s antigenic variation®.

In summary, a PTGS system (comprising at least RARP and Dicer)
is implicated in the regulation of surface antigen expression in G.
lamblia. Because a humoral immune response in both experimental
and natural Giardia-infected hosts coincides with the elimination of
the original VSP, a functional role for cells and antibodies in the
selection of phenotypic variants and on the course of infection was
proposed®”. Given that parasite protection against specific immune
responses relies on switching the expression between immunologi-
cally distinct surface proteins™’, one way in which hosts can prevent
infections with a specific immunological response is by producing
antibodies against all surface antigenic determinants. In this report,
we have shown that downregulation of components of the RNAi
machinery leads to expression of more than one surface antigen in
trophozoites. These cells could constitute a fundamental tool for
generating a vaccine against this important human pathogen.

METHODS SUMMARY

Parasite culture and cloning. Giardia trophozoites were cultured in TYI-33
medium supplemented with adult bovine serum and bovine bile®.
Continuous cloning of trophozoites was carried out by limiting dilution and
selection based on immunofluorescence assays using the corresponding VSP
monoclonal antibody. Encystation was carried out as reported™.

Nuclear run-on and RT-PCR. Nuclear run-on analyses on Giardia nuclear
extracts were performed as described™, with some modifications. Total RNA
of trophozoites from different isolates was isolated using Trizol (Invitrogen),
quantified spectrophotometrically, and treated with RQ1 RNase-Free DNase
(Promega). First-strand cDNA was synthesized with Superscript III Reverse
Transcriptase (Invitrogen).

Detection and cloning of small VSP RNAs. The detection of small RNA was
performed according to ref. 35. [**P]-labelled riboprobes were transcribed in
vitroby T7 or SP6 RNA polymerase using VSP genes vsp9B10, vsp1267and vspH7
cloned into p-GEM T-easy vector (Promega). Labelled RNA was partially hydro-
lysed by incubation at 60 °C in the presence of NaHCO; and Na,CO3. Isolation
and cloning of small RNAs was performed essentially as described previously*.

753

©2008 Macmillan Publishers Limited. All rights reserved



ARTICLES

Endonuclease activity. Dicer activity was analysed by incubating dsRNA mole-
cules with cytoplasmic extracts of different Giardia clones. VSP and control
genes cloned into p-GEM T-easy vector (Promega) were transcribed in vitro to
produce full-length sense [**P]-labelled RNA probes. Pure or mixed VSP tran-
scripts were incubated at 37 °C with Giardia extracts for different periods.
Transfection and immunofluorescence assays. The plasmid pTUBPac’” was
modified to introduce sense or antisense Giardia dicer, rdrp and ago coding
regions and the influenza haemagglutinin epitope”. Transfection of G. lamblia
trophozoites was done by electroporation as described previously™. Indirect
immunofluorescence assays were performed on non-encysting trophozoites by
using an anti-haemagglutinin monoclonal antibody (Sigma)*. For functional
analysis of Giardia dicer, rdrp and ago, gene knockdowns were confirmed by RT—
PCR using gene-specific primers and by northern blotting.
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