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Abstract

Background: Regulation of surface antigenic variation in Giardia lamblia is controlled post-transcriptionally by an
RNA-interference (RNAi) pathway that includes a Dicer-like bidentate RNase III (gDicer). This enzyme, however, lacks
the RNA helicase domain present in Dicer enzymes from higher eukaryotes. The participation of several RNA
helicases in practically all organisms in which RNAi was studied suggests that RNA helicases are potentially involved
in antigenic variation, as well as during Giardia differentiation into cysts.

Results: An extensive in silico analysis of the Giardia genome identified 32 putative Super Family 2 RNA helicases
that contain almost all the conserved RNA helicase motifs. Phylogenetic studies and sequence analysis separated
them into 22 DEAD-box, 6 DEAH-box and 4 Ski2p-box RNA helicases, some of which are homologs of
well-characterized helicases from higher organisms. No Giardia putative helicase was found to have significant
homology to the RNA helicase domain of Dicer enzymes. Additionally a series of up- and down-regulated putative
RNA helicases were found during encystation and antigenic variation by qPCR experiments. Finally, we were able to
recognize 14 additional putative helicases from three different families (RecQ family, Swi2/Snf2 and Rad3 family)
that could be considered DNA helicases.

Conclusions: This is the first comprehensive analysis of the Super Family 2 helicases from the human intestinal
parasite G. lamblia. The relative and variable expression of particular RNA helicases during both antigenic variation
and encystation agrees with the proposed participation of these enzymes during both adaptive processes. The
putatives RNA and DNA helicases identified in this early-branching eukaryote provide initial information regarding
the biological role of these enzymes in cell adaptation and differentiation.

Keywords: RNA/DNA helicases, Giardia lamblia, Encystation, Antigenic variation, Cell differentiation, Gene
expression, RNAi, Dicer
Background
Helicases are encoded by a large fraction of prokaryotic
and eukaryotic genomes and are found in all organisms –
from bacteria to humans– and in many viruses. These
nucleic acid-dependent NTPases (preferentially ATPases)
have the ability to unwind DNA or RNA duplex sub-
strates; to unwind/separate the helical structure of
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double-stranded nucleic acids and, in some cases, to dis-
rupt protein-nucleic acid interactions [1,2].
DNA and RNA helicases are grouped into six super-

families (SF). SF1 and SF2 do not form rings, whereas
SF3 to SF6 comprise the ring-forming helicases [3]. All
eukaryotic RNA helicases belong to SF1 and SF2,
whereas the ring-shaped RNA helicases are found in
viruses [4] and bacteria [5,6]. Functional groups for ATP
binding and hydrolysis are highly conserved among SF1
and SF2 DNA and RNA helicases. In addition, these two
superfamilies show high sequence similarity in their
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conserved regions, sharing eight conserved motifs; and
variations within these conserved motifs are used to dis-
tinguish between these very closely related families.
The helicases from SF1 and SF2 are further divided

into families, based on their sequence, structural, and
mechanistic features [3,7]. According to an excellent
classification proposed by Jankowsky’s group, these heli-
cases can be grouped into three families in the SF1 and
nine families and one group in the SF2 [8]. Although
several helicase families contain both RNA and DNA
helicases, six of these twelve families only contain RNA
helicases (DEAD-box, DEAH-box, Ski2-like, RIG-I-like,
NS3/NPH-II and Upf1-like families). As they are mainly
composed by RNA helicases, these 6 families are termed
“RNA helicase families”, and are often referred to as
DExD/H proteins.
In the SF1 and SF2 helicases, the conserved motifs are

clustered in a “central” core region that spans about 350
to 400 amino acids (named “Helicase Core Domain” -
HCD). By contrast, the N- and C-terminal extensions of
helicases are highly variable in size and composition.
These regions are supposed to confer substrate specifi-
city, comprising protein- and/or RNA-binding motifs
that provide helicases with their capacity to be involved
in multiple processes, and/or direct the helicases to their
subcellular localization [9,10]. Within these extensions
helicases also contain accessory domains that can confer
specific functions, as in the case of the bidentate RNase
III enzyme Dicer [11]. The conservation of these
domains within a family is null; therefore, they are not
used to define a typical group.
RNA is involved in virtually all aspects of gene expres-

sion, playing important regulatory roles in biological
reactions and making RNAs biologically important
molecules required by all living organisms. RNA heli-
cases may act as a temporary clamp to prevent RNAs
from re-associating, thereby allowing other RNA-RNA
or RNA-protein interactions to occur. A recent report
suggests that these proteins can also function as
RNPases [12], which are enzymes that disrupt RNA-
protein interactions.
Giardia lamblia is a single-celled eukaryotic microorgan-

ism that inhabits in the upper small intestine of humans
and several other vertebrates. Phylogenetic studies have
placed Giardia as one of the most early-branching
eukaryotic cells [13-17]. In addition to its biological rele-
vance, G. lamblia is one of the leading causes of human in-
testinal disease worldwide, the most frequent cause of
defined waterborne outbreaks of diarrhea in developed
countries and a common cause of diarrhea in daycare cen-
ters, institutionalized individuals, backpackers, and trave-
lers [18]. The parasite has a simple life cycle, comprising
the disease-causing trophozoites and the environmentally-
resistant cysts, which are responsible for the transmission
of the disease among susceptible hosts [18]. Giardia under-
goes important adaptive mechanisms to survive both inside
and outside the host’s intestine, such as “antigenic vari-
ation” and “encystation”, respectively [19]. Antigenic vari-
ation is characterized by the continuous switching of
surface antigenic molecules, which allows the parasite to
evade the immune response generated by the host [20]. In
Giardia, antigenic variation involves variant-specific sur-
face proteins (VSPs), cysteine-rich type 1a membrane pro-
teins that cover the entire surface of the trophozoites [21].
Only one VSP, of approximately 200 VSP genes present in
the parasite’s genome, is expressed on the surface of indi-
vidual trophozoites at a given time, but switching to a dif-
ferent VSP occurs once every 6-18 generations. Antigenic
variation in Giardia is regulated post-transcriptionally by a
mechanism similar to RNA interference (RNAi) [22]. Not-
ably, disruption of the RNAi pathway by knocking-down
the expression of the dsRNA endonuclease Dicer pro-
motes a change from single to multiple VSP expression
on the surface of individual Giardia cells, indicating the
direct involvement of this enzyme in controlling anti-
genic variation in this parasite [23]. Nonetheless, gDicer
lacks the C-terminal RNA helicase domain, raising ques-
tion about the function of this domain in Dicer enzymes
of higher eukaryotes.
G. lamblia possesses functional RNAi machinery [22].

However, this early-branching eukaryote lacks Drosha
and Exportin 5 molecules needed to process and export
miRNA from the cell nucleus into the cytoplasm as well
as other essential components of the RNAi machinery
found in higher eukaryotes [24]. It was recently pro-
posed, however, that lack of Drosha and Exportin 5 in
Giardia could be bypassed by the use of snoRNAs as
miRNAs precursors [25]. Interestingly, Giardia Dicer is
still capable of robust dicing and of complementing the
lack of a functional Dicer in Schizosaccharomyces pombe
(which possesses the RNA helicase domain [26]) as well
as ORF-derived miRNAs with gDicer apparently assum-
ing the functions of both Drosha and Dicer [25]. Hence,
two questions arise: (i) Are RNA helicases truly involved
in the Giardia RNAi pathway? (ii) What is the minimal
protein repertoire for post-transcriptional gene silencing
in eukaryotic cells?
In the present study, we identified the complete set of

SF2 helicases in this anaerobic flagellated protozoan by
searching the G. lamblia genome database of the WB
isolate, which allowed the identification of 22 DEAD-
box, 6 DEAH-box and 4 Ski2p putative RNA helicases,
along with seven helicases of family Swi2/Snf2, 3 heli-
cases from family RecQ and 4 helicases from family
Rad3. These sequences were used to analyze the rela-
tionship between the composition of the SF2 helicases in
Giardia and their corresponding homologs in yeast and
humans. In addition, the level of expression during



Table 1 Number of putative DExD/H-box RNA helicases in
other organisms

Organism DExD/H helicase family (Reference)

DEAD-box DExH-box*

Giardia lamblia 22 10

Homo sapiens 42 18 [30]

Oryza sativa 26 8 [31]

Saccharomyces cerevisiae 26 12 [32]

Entamoeba histolytica 20 13 [33]

Plasmodium falciparum 22 ND [34]

Leishmania major 28 18 [35]

Tripanosoma cruzi 30 19 [35]

Tripanosoma brucei 27 19 [35]

* DEAH-box and Ski2-like families.
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antigenic variation and encystation was analyzed, dem-
onstrating both differential and variable expression of in-
dividual RNA helicases in these processes. We also
discuss the potential role of the RNA helicase domain in
Dicer enzymes of higher eukaryotes.

Results
Identification of SF2 helicases in Giardia lamblia
By using the human eIF4A (Eukaryotic Initiation Factor
4A) amino acid sequence as the DEAD-box helicase
prototype [27] and the human ATP-dependent RNA-
helicase DHX8 amino acid sequence as the DEAH-box
helicase prototype [27], we performed an extensive ana-
lysis of the Giardia assemblage A, isolate WB, genome
database [28] and detected 22 and 6 orthologs, respect-
ively. We were also able to obtain the sequences of 4 pu-
tative RNA helicases belonging to the Ski2 family, which
is generally classified inside the DExH-box family; and a
previously described UPF1 homolog from SF1 [29].
These helicases belong to three of the nine families
described from SF2. Therefore, in an attempt to identify
any other helicase from this superfamily we performed a
PSI-BLASTP search within the Giardia genome using the
sequences described from humans, yeast and Escherichia
coli, following Fairman-Williams [8]. Using this approach,
we were able to recognize 14 additional putative helicases
from three different families, 3 helicases from the RecQ
family, 7 helicases from the Swi2/Snf2 family, and 4 heli-
cases from the Rad3 family. The sequences from the
remaining three families of SF2 helicases present in
humans, yeast and E. coli (RecG-like, RIG-I-like and NS3/
NPH-II) do not have significant homology with any gene
of G. lamblia.
The Giardia Database gene number, the Contig number

and position, and the gene length and codified protein mo-
lecular weight for each one of the SF2 helicases studied in
this work are summarized in Additional file 1: Table S1.
The HCD is virtually conserved in length between the
three RNA helicases families, ranging from 361 to 425
amino acids, whereas the greatest differences found, as
expected, were in the N- and C-terminal regions of each
helicase family (see Additional file 2: Table S2).
The presence of 8 to 10 motifs considered as “signature

sequences” were useful for the classification of each puta-
tive RNA helicase within a specific family. This approach
has already been used to identify DExD/H helicases in
human, yeast, rice, Entamoeba histolytica, Plasmodium
falciparum, Leishmania major, Trypanosoma cruzi and
Trypanosoma brucei (Table 1). The relationship between
the number of DEAD-box and DExH-box helicases sup-
ports our finding of 22 DEAD-box and 10 DExH-box
(6 DEAH-box and 4 Ski2-like) in Giardia. Multiple se-
quence analysis generated a phylogenetic tree, showing
the evolutionary separation of these six families (DEAD-
box, DEAH-box, Ski2, RecQ, Rad3, and Swi2/Snf2) (see
Additional file 3: Figure S1).
BLASTP analyses of the 46 G. lamblia SF2 helicases

within the NCBI Human database presented the following
ranges of identity and similarity, respectively: DEAD-box
family (23–47% and 39–69%); DEAH-box family (26–39%
and 42–54%); Ski2 family (28–43% and 47–63%); Swi2/
Snf2 family (25–39% and 41–58%); RecQ family (25–32%
and 41–50%); Rad3 family (27–35% and 47–51%). The
unique UPF1 sequence presents 39% identity and 52%
similarity to human UPF1. The yeast RNA helicase homo-
logs, their predicted protein function and other features
are also included in Additional file 4: Table S3 for each
helicase identified in G. lamblia. The high sequence simi-
larity between putatives RNA helicases from Giardia and
the characterized homologous proteins suggest that they
may have a similar function in RNA metabolism.

The DEAD-box family
The 22 sequences identified from this family were
aligned for further analysis and the nine consensus
motifs described in DEAD-box RNA helicases from other
organisms were found. The Open Reading Frame (ORF)
GL50803_34684 lacks the N-terminal region including
the Q Motif; when we performed a new database search,
we found that the homologous gene GL50581_3622
from Assemblage B, isolate GS, possesses the complete
N-terminal region. Thus, we used this region to search
the isolate WB genome database and found the missing
region at the CH991776, location 21991–22645. The final
gene location was at the CH991776, 21991 – 23994 (+),
and the gene coded for a 667-amino acid protein with all
the nine consensus motifs of the DEAD-box subfamily,
including the Q motif. This motif contains nine amino
acids, which is a distinctive and characteristic feature of
the DEAD-box family of helicases, and can interact with
Motif I and a bound ATP [36].
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Another characteristic amino acid, the Phe (F) residue
that is close to the Q Motif was also found in 13 of the
22 enzymes, whereas in other 7 helicases, Phe (F) was
replaced by Trp (W), another aromatic amino acid, being
absent only in GL50803_17239 and GL50803_34684 (see
Additional file 5: Figure S2). To provide a schematic
graphical overview of DEAD-box sequence motif conser-
vation, we performed a multiple sequence alignment for
each motif and then used the WebLogo software to ob-
tain a precise description of sequence similarity [37,38]
(Figure 1 - inset). Analysis of regions separating each pair
of consecutive motifs was consistent with the reported
low sequence but high length conservation (Figure 1)
[33,34]. The DEAD-box family has an N-terminal length
ranging from 2 to 233 amino acids and a C-terminal
length from 29 to 507 amino acids, but lack any add-
itional domain described in other DEAD-box proteins
(Figure 1) [39]. In agreement with the analyses of Banro-
ques [40], we found that almost 55% of Giardia putative
DEAD-box helicases have an N-terminal length of 2-45
residues and a C-terminal length of 29-95 residues,
whereas the size of the HCD containing the conserved
motifs ranges between 331 and 403 residues in almost
70% of this family sequences.

The DEAH-box family
The 6 putative RNA helicases belonging to the DEAH-
box family were analyzed by multiple sequence align-
ment and subsequent manual scanning, in search of
conserved motifs characteristic of this family. As
shown in Additional file 6: Figure S3, the 5 helicases
present the eight characteristic motifs, with the excep-
tion of GL50803_13200, which was incomplete in its
N-terminal region, missing Motif I. As with the miss-
ing motif of DEAD-box helicase GL50803_34684, a
new database search showed a homologous gene,
GL50581_4549 from the isolate GS, with the complete
N-terminal region that was used to search the isolate
WB for the entire ORF. Surprisingly, this new putative
5´ DNA genomic region does not have a traditional ATG
start codon; instead, there are two putative alternative
initiation codons already described in rare cases for the
fungus Candida albicans [41] or in mammalian NAT1
[42]. Studies in progress are analyzing this finding.
The consensus sequence was obtained and was in

agreement with the DEAH-box motifs published by
Linder and Owttrim [43] (Figure 2 - inset). Within the
C-terminal regions from five of these six putative
DEAH-box RNA helicases, we found another domain
called Helicase Associated Domain (HA2), of about
90-120 amino acid in length (Figure 2), whose function
is unknown. The HA2 domain was found in more
than 1,280 eukaryotic and 590 bacterial protein
sequences according to the SMART (Simple Modular
Architecture Research Tool) database [44], and was
present only in this DEAH-box family, being absent in all
other Giardia putative RNA helicases. For two of these
DEAH-box proteins, there was an additional domain
called DUF1605 (Domain of Unknown Function).

The Ski2 family
Within this family, we found only four ORFs in the
Giardia genome that were grouped according to the
analysis of each sequence. The multiple sequence align-
ment (see Additional file 7: Figure S4) and the WebLogo
graphic representation display the eight conserved
motifs characteristic of this family [43] (Figure 3 - inset).
All of these Ski2 family members present C-terminal

additional domains that can provide insights into their
function (Figure 3). Two of them present a domain called
Sec63, named after the yeast Sec63 protein (or NPL1)
(also known as the Brl domain) where it was found, and
that is required for assembly of functional endoplasmic
reticulum translocons [45,46]. Another Giardia Ski2 pro-
tein exhibits a domain named HhH1, which is frequently
found in prokaryotic and eukaryotic non-sequence-
specific DNA-binding proteins [47]. The fourth Ski2 heli-
case presents a DSHCT domain, which is found in
DOB1/SK12/helY-like helicases [48].
Interestingly, GL50803_87022 shows an internal repeat

(red lines below 87022 design in Figure 3), as described
for other RNA helicases [33]. This 2421-amino acid ORF
consists of two RNA helicases joined together, presenting
the eight Ski2 conserved motifs and an additional Sec63
motif of unknown function at the C-terminal region of
each repeat. Marchat [33] detected the same patterns in
several eukaryotic orthologs proteins and suggested hori-
zontal gene transfer between bacteria and eukaryotes.

DNA helicases from other families
As mentioned above, only six of the twelve helicase fam-
ilies are supposed to comprise RNA helicases (DEAD-
box, DEAH-box, Ski2-like, RIG-I-like, NS3/NPH-II and
Upf1-like family) and the remaining families consist of
DNA helicases. In Giardia we found 14 additional ORFs
that could be considered DNA helicases and grouped
them into the three following families:

Swi2/Snf2 family
Seven ORFs were linked to this family based on the
sequence features and compared with members of this
family belonging to other species. They present the
eight characteristic motifs, with the sequence conserva-
tion being represented in the logos under the align-
ment (see Additional file 8: Figure S5). This family is
one of the largest helicase families in G. lamblia SF2,
with an average length of 1,560 amino acids (Table S2).
The N- and C-terminal regions present characteristic



Figure 1 Schematic diagram of the DEAD-box RNA helicase family in G. lamblia. Each motif is represented by a different color. The
distances between the motifs, and the size of the N- and C- terminal extensions for each ORF, are indicated (number of aa). The red bars within
the N- or C-terminal extensions represent the regions amplified with specific primers for the qPCR. The representation is to scale. Inset: sequence
LOGO view of the consensus amino acids. The height of each amino acid represents the degree of conservation. Colors mark properties of the
amino acids as follows: green (polar), blue (basic), red (acidic) and black (hydrophobic).
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Figure 2 Schematic diagram of the DEAH-box RNA helicase family in G. lamblia. Each HA2 domain is represented in gray and the DUF1605
domain is represented in brown, both inside the C-terminal region. Red lines within the C-terminal extensions represent the region amplified in
the qPCR for each putative helicase. The representation is to scale. Inset: sequence LOGO view of the consensus amino acids. The height of each
amino acid represents the degree of conservation. Colors indicate properties of the amino acids, as follows: green (polar), blue (basic), red (acidic)
and black (hydrophobic).
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domains; almost all of them show one or two SNF2N
domains that were described as the ATPase component
of the SNF2/SWI multi-subunit complex, disrupting
histone-DNA interactions. Other domains found within
these ORFs were the SANT domain, the BROMO do-
main and a CHROMO domain.

RecQ family
This is the smallest family, with only three members
found in the Giardia genome. These helicases also
have one of the smallest average lengths, with only
the central HCD. The eight characteristic motifs that
defined this family are highly conserved, as shown in
Additional file 9: Figure S6. The three ORFs share the
greatest homology with the BLM (Bloom syndrome)
gene from humans, which is believed to act by sup-
pressing inappropriate recombination [49]. They are
also homolog for the yeast SGS1 gene, a nucleolar
Figure 3 Schematic diagram of the Ski2 RNA helicase family in G. lam
brown, and the HhH1 domain in violet, all inside the C-terminal region of e
the region amplified in the qPCR for each putative helicase. The two overla
87022. The representation is to scale. Inset: sequence LOGO view of the co
degree of conservation. Colors mark properties of the amino acids, as follo
DNA helicase of the RecQ family involved in genome
integrity [50].

Rad3 family
This family is composed of four members in G. lamblia.
It presents the largest HCD of all the SF2 helicases due
to the presence of a differently large linker region be-
tween the DEXDc and the HELICc domains. They
present homology in all the eight conserved motifs, except
for ORF GL50803_5910, which lacks Motifs Ia and Ib (see
Additional file 10: Figure S7). This ORF presents no signifi-
cant similarity to human proteins; however, it was included
in this family based on results of sequence and multiple
alignment analyses (see Tree in Additional file 3: Figure S1).

The helicase core domain within the dicer sequence
The HCD is an important component of higher eukar-
yotes’ Dicer enzymes, and is involved in some functions
blia. Each Sec63 domain is represented in pink, the DsHCT domain in
ach ORF. Red lines within the N- or C-terminal extensions represent
p repeats of ~ 650 amino acids are indicated in blue under the ORF
nsensus amino acids. The height of each amino acid represents the
ws: green (polar), blue (basic), red (acidic) and black (hydrophobic).
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regarding the fundamental participation of this protein
in RNAi [51-55]. As a deep-branching eukaryote, a
database search using the entire Giardia Dicer amino
acid sequence returned a list of Ribonuclease III
(RIBOc) containing regions that belong to different spe-
cies of bacteria with the highest alignment scores. Inter-
estingly, these prokaryotic sequences of about 220-260
amino acids only possess one Ribonuclease III domain
and one Double-stranded RNA binding motif (DSRM)
(Figure 4–A).
Figure 4 A) Graphical representation of Giardia lamblia Dicer homolo
bacterial proteins found, and above it are the six protozoa most homologous p
designed proportionally to their aa length, which is indicated below each organ
similarity to Giardia Dicer, divided into bacteria and protozoa. [Accession numbe
tetraurelia (Q3SE28); T. vaginalis (A2F201); D. discoideum (Q55FS1); P. pallidum (D3
B) Graphical representation of Arabidopsis thaliana DCL1 protozoa homologs: th
and (2). The representations are designed proportionally to their aa length, whic
the degree of similarity to Arabidopsis Dicer. [Accession numbers: A. thaliana (Q9
thermophila (A4VD87); tetraurelia (Q3SD86); N. gruberi-2 (D2VEU9); P. marinus (C5
In the search of protozoa homologs containing the HCD
within the Dicer sequence, we performed a BLASTP
against the protozoa genomic database available at the
NCBI with the entire Giardia Dicer sequence. We
obtained the highest score with Polysphondylium pallidum,
which contains only an amino-terminal DSRM domain
and two C-terminal RIBOc domains. The other five proto-
zoa with the highest scores against Giardia Dicer protein
present different domains, as shown in Figure 4–A. The
homologies were located only at the C-terminal region,
gs. Below the Giardia Dicer protein scheme are the two most homologous
roteins together with the human Dicer1 scheme. The representations are
ism’s name. The arrows alongside the figure indicate the degree of
rs: H. sapiens (Q9UPY3); N. gruberi (D2UZR2); T. thermophila (A4VD87); P.
BF89); G. lamblia (A8BQJ3); R. marinus (D0MGH0); M. galactiae (D3VQS7)]
ere are two N. gruberi represented in the diagram here indicated as (1)
h are indicated below each name. The arrow alongside the figure indicates
SP32); N. gruberi-1 (D2UZR2); E. siliculosus (GenBank: CBJ48587.1); T.
LMV9)].
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spanning the two conserved RIBOc domains together with
the PAZ domain. Interestingly, one of these homologs from
Naegleria gruberi presents all the conserved domains,
being also the protozoa protein with the highest sequence
similarity to human Dicer1 (Figure 4–A). Remarkably, the
HCD of this protozoan enzyme have low homology with
any putative RNA helicases found in Giardia, as is also
the case for the well-conserved helicase domain within
other higher eukaryotes Dicer proteins used to search
the Giardia genome database.
Using the Dicer-like 1 (DCL1) protein sequence from

Arabidopsis thaliana, we searched the protozoan data-
base for other Dicer-like proteins that could have the
HCD together with the Ribonuclease III domains. No-
ticeably, besides the N. gruberi putative protein contain-
ing all the Dicer conserved domains, other protozoan
homologs that have at least these two domains are Ecto-
carpus siliculosus, Tetrahymena thermophila, Parame-
cium tetraurelia, and Perkinsus marinus (Figure 4–B).
These molecules do not present all Dicer domains and,
in some cases, they only show one Ribonuclease III do-
main instead of two. Additionally, by taking only the
HCD of these protozoa proteins and performing a
BLASTP against the Giardia assemblage A isolate WB
database, we did not find any significant homology with
the described putative RNA helicases. Even when we
generate a profile sequence from these five protozoan
(the complete sequence or just the HCD sequence) and
performed a more sensitive PSI-BLAST (iteration 5), the
Giardia sequences presented low homology and corre-
sponded to helicases already described in this work.
We also used eight Dicer sequences from higher eukar-

yotes (S. pombe; M. truncatula; H. sapiens; M. musculus;
X. laevis; A. thaliana; D. melanogaster and C. elegans), all
of them presenting a helicase domain and almost all the
others Dicer specific domains (a PAZ domain, two Ribo-
nuclease III domains and dsRNA binding motif ). Consid-
ering only their HCD, we created a consensus sequence
of 613 amino acids. A PSI-BLAST analysis (iteration 5)
of the G. lamblia database using this consensus se-
quence give us 39 putative helicases already described
and classified in this work. The best E-value was for
the DEAD-box putative helicase GL50803_95898, with
query coverage of only the 30%. To analyze the pres-
ence of patterns conserved in sets within this eight
helicase domains, we performed a pattern matching
using the Pratt software [56]. We obtained a series of
best sets and subsets patterns that could be divided
into four groups, two in the DEXDc domain, one in
the HELICc domain and one in the region within this
two. These four patterns were used again to search the
Giardia database. First, we created a consensus se-
quence for each one of these patterns and used it to
perform a PSI-BLAST analysis (iteration 5). Only with
the best pattern, corresponding to the HELICc domain,
our analysis gave a series of similar sequences, all of
them already described as putative helicases. Again the
putative DEAD-box helicase GL50803_95898 was at
the top-five sequences with a 100% query coverage.
The other patterns obtained provided no sequences
producing significant alignments with E-value better
than threshold.

RNA helicases relative expression during encystation
Based on in vitro experiments, the contribution of sev-
eral DExD/H-box proteins in the accomplishment of
crucial cellular functions has been revealed [30]. The fact
that the entire life cycle of G. lamblia can be reproduced
in vitro makes this species an attractive model to study
cellular differentiation [57]. We analyzed the expression
of all the DExD/H-box helicases genes by quantitative
PCR (qPCR) (except for the ORF GL50803_11384 which
presented very low efficiency in two pairs of primers
tested), to explore the participation of these genes dur-
ing the encystation process. The relative expression of
these genes was determined in trophozoites under nor-
mal proliferating conditions, and in those induced to en-
cyst after incubation for 16 hours in encystation
medium, as described in Materials and Methods. Of a
set of thirty one genes studied, we found eight whose ex-
pression did not change during encystation, five from
the DEAD-box family, two from the DEAH-box family
and one from the Ski2-like family. We also found down-
regulation of one gene from the DEAH-box family after
induction of trophozoites differentiation into cysts. In
addition, we found twenty two genes that were up-
regulated during encystation, seventeen from DEAD-box
family, three from the DEAH-box family and two from
the Ski2-like family (Figure 5). The encystation process
was confirmed in these samples by analyzing the expres-
sion of a developmentally-regulated molecule [58] by
Western blotting using a specific anti-CWP2 (Cyst Wall
Protein 2) monoclonal antibody (see Additional file 11:
Figure S8).
Comparing the up-regulated genes reported in the

SAGE (Serial Analysis of Gene Expression) data [59]
(sense tags) we found some correlation (11/21) with the
DEAD-box family; (2/4) with the DEAH-box family and
(1/3) with the Ski2-like family (see Additional file 12:
Figure S9). The ORF GL50803_10255 was not included
in the graph because the percentage of the sense tags
was almost 10 times the percentage of the others ORFs
in this study, but up-regulation of this gene correlated
with the qPCR determination. This comparison between
the qPCR results and the SAGE data should be taken
with caution, as the induction protocols and the time
points considered are not directly comparable. One
explanation for the low agreement between the two



Figure 5 Real time quantitative PCR (qPCR) of RNA helicases from G. lamblia during encystation. The graph is a representative qPCR
determination of three independent biological replicates. The ORFs are indicated at the bottom of the graph and separated in families. The up-regulated
ORFs are represented in green bars, and the down-regulated ones, in red bars, each one with the corresponding relative expression ratio.
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methods is that encystation is poorly synchronic [59].
Another possible reason, as previously described for
the validation process between two different methods
of gene expression determination [60], is that these
analyses have inherent pitfalls that may significantly
influence the data obtained for each method and, in
general, those genes showing small degrees of change
also present lower correlations [61]. We were not
able to determine the correlation of the down-
regulated ORF GL50803_6616 or of the up-regulated



Gargantini et al. BMC Microbiology 2012, 12:284 Page 10 of 17
http://www.biomedcentral.com/1471-2180/12/284
ORF GL50803_17539 because there is no determin-
ation in the SAGE data, probably they are among the
7,256 unassigned SAGE tags [59]. We could not find
also sense tag determination in the SAGE data for
the ORF GL50803_113655. Taking in account the
postulate that encystation genes can be divided into
specific and up-regulated after induction [62], we as-
sume that the twenty two putative RNA helicases
genes with high relative expression described here
would fall into the latter group.

RNA helicase relative expression during antigenic
variation
Antigenic variation was induced on a unique VSP-
expressing Giardia clone. The primers used for these
determinations were the same as those used for the
study of the encystation process. We also designed
two additional pairs of primers to determine the
relative expression of Giardia Dicer and Argonaute
(Ago) transcripts. The relative expression from the
thirty one Giardia putative RNA helicases was divided
into earlier (30 min – 1 h) and later (3 – 4 h) up-
regulated or down-regulated transcripts. Eight putative
RNA helicases were up-regulated after antigenic vari-
ation induction, three of them earlier and five later. On
the other hand, eight putative RNA helicases were
down-regulated, five after early induction and three
later (Figure 6).
A more detailed analysis of the relative expression of

the eight putative RNA helicases that were up-regulated
after antigenic variation induction showed a slight in-
duction ranging from 1,189 to 1,729 times. In addition,
two transcripts from the early up-regulation maintain in-
duction after 3-4 hours. The eight down-regulated puta-
tive RNA helicases presented strong down-regulation
earlier and significant down-regulation later during anti-
genic variation. Two of the five early down-regulated
RNA helicases maintained low levels of expression after
3-4 h, while one of them was up regulated later. The
three transcripts that were down-regulated later pre-
sented no significant variations at 30 min-1 h (Figure 6).
The relative expression of gDicer presented an early
up-regulation that is maintained at later times, while
Giardia Ago presented a later up-regulation after 3-4
post induction of antigenic variation (Figure 6, inset).
Based on our results from the qPCR experiments, we

searched the Giardia database for highly homologs to
well known RNA helicases already described participat-
ing in the RNAi process in higher eukaryotes. We found
that the human DEAH-box helicase RHA (DHX9),
described in remodeling RISC to allow dsRNA loading
onto this complex [52], has a high homology with the
G. lamblia DEAH-box helicase GL50803_13200, which
presents a later up-regulation during antigenic variation,
in agreement with the Giardia Ago expression (3–4 h
post induction). Another G. lamblia DEAH-box helicase
found to have high homology with the HsRHA is
GL50803_17387, which also presents a delayed up-
regulation after induction of antigenic variation. Interest-
ingly, a Giardia putative RNA helicase that presented an
early up-regulation that was maintained for 3–4 h after
antigenic variation induction is GL50803_2098, which
has a great homology with the human DDX6 helicase
(p54), a protein that interacts with Ago2 in affinity-
purified RISC assemblies to facilitate formation of
cytoplasmic P-bodies and that acts as a general trans-
lational repressor in human cells [63].
Other bona fide RNAi component in D. melanogaster

S2 cells is the Belle (Bel) DEAD-box RNA helicase that
seems to be important to both pathways (miRNA and
siRNA). Our search found that the G. lamblia putative
DEAD-box helicase GL50803_15048 present the highest
homology with this Drosophila helicase described acting
downstream of the dsRNA loading onto the RISC. Our
qPCR data shows that even when the Giardia putative
helicase GL50803_15048 presented an early down-
regulation, their mRNA levels increased at 3–4 hs after
the antigenic variation induction. The G. lamblia
DEAD-box helicase GL50803_15048 was also found to
have a high homology with two other RNA helicases
described participating in the RNAi pathway. This two
related DEAD-box RNA helicases (p68 and p72) were
found to associate with a complex containing Drosha
and required for processing of miRNA in mice [64].
Western blotting from total protein of the different

samples and times analyzed by qPCR in the antigenic
variation experiment showed that the level of the spe-
cific VSP protein do not change (see Additional file 13:
Figure S10). Under these experiments conditions, a
change in VSP protein expression was detected by im-
munofluorescence assays after 48 h. Since our intention
was to determine the early participation of some puta-
tive helicases during this specific Giardia adaptation
process, we performed qPCR reactions only at very
short times (from 30 min to 4 h post- induction), where
the changes at the protein level for VSPs cannot be
detected. Although there was no VSP change at these
times, we were able to detect specific up regulated ex-
pression of Dicer and Ago transcripts, two essential
enzymes already related with this process [22]. Im-
portantly, Dicer expression was up regulated at very
short times and was maintained for hours, while gAgo
expression raised at later times, in accordance with
their roles in the RNAi process [65]. Although there
is an incomplete understanding of how RNA helicases
are regulated, it is possible that they operate at differ-
ent steps of the RNAi pathway or performing different
roles [66].



Figure 6 Real time quantitative PCR (qPCR) of RNA helicases from G. lamblia during antigenic variation. The relative expressions were
calculated after induction of antigenic variation for 30 min – 1 hour (empty fill pattern) and for 3 to 4 hours (line fill pattern). The relative
expression from different helicases was divided into up-regulated (upper panel) and down-regulated (lower panel). Green bars represent
significant up-regulation and red bars represent significant down-regulation, gray bars represent no change in the relative expression. A. Helicases
up-regulated during the first 30 min to 1 h. B. Helicases up-regulated at 3 to 4 h. C. Helicases down-regulated during the first 30 min to 1 h. D.
Helicases down-regulated at 3 to 4 h. Center inset: relative expression for Giardia Dicer and Argonaute at earlier or later time points. The ORFs are
indicated at the bottom of the graph. The graphs represent the mean of three different measures and the respective standard deviation.
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Discussion
As shown in several studies, RNA helicases are
involved in a wide variety of processes, some of them
being essential for survival, as demonstrated for the
yeast putative RNA helicases, where their knockouts
were lethal [32]. These results are essential for the
correct annotation of the Giardia genome, since
many of the helicases identified in this study were
automatically annotated either as helicases without
indicating any further information and others just as
hypothetical proteins (www.giardiadb.org).
The genome of a number of organisms contains a

large number of putative helicases [34] and, as we
found in this work, the relationship between the
number of DEAD-box and DExH-box RNA helicases
is conserved in Giardia as it is has been reported for
other organisms (Table 1). Although Giardia is con-
sidered as an early-branching eukaryote and has a
smaller and more compact genome [67], our findings
regarding the type and number of RNA helicases in
Giardia highlight the importance of these molecules
in the biology of eukaryotic cells.
Since only a few DExD/H-box RNA helicases have

been characterized biochemically, most of the reports
assigning a putative function are based on the presence
of the conserved and characteristic motifs that can de-
fine a putative RNA helicase and its family. Here we
used the presence of those motifs for classification per-
forming an in silico approach and then by manual iden-
tification of each motif. Then we confirmed and refined
each motif at each position. Our results were in agree-
ment with the phylogenetic tree obtained, because SF2
helicases were grouped specifically according to their se-
quence conservation as well as with the conservation of
their motifs.
The particular finding within the Giardia Ski2

family regarding the internal duplication of the ORF
GL50803_87022, having two helicases and Sec63
domains, probably indicates that the origin of this
protein was by a fusion event of two ancestral prokary-
otic genes, as proposed for the RNA helicases from
Entamoeba histolytica EhDExH1 and EhDExH10 [33]
and other homologous proteins from phylogenetically
distant species. Unfortunately, the significance of this
duplication found only in two early-branching parasitic
intestinal protozoa is still unknown.
The DEAD-box protein family is present in many

organisms, being the major RNA family of helicases,
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which seem to be involved in many, if not all, steps of
RNA metabolism [68]. Although some DEAD-box heli-
cases are closely related and have been described as para-
logs [33], the comparison among amino acid sequences
of all full-length sequences showed no paralogous
DEAD-box helicases in Giardia because these proteins
only share 14–29% identity and 24–43% similarity.
Regarding Giardia differentiation into cysts, it is

known that encystation comprises the formation of a re-
sistant cyst wall that allows the parasite to survive under
hostile external environmental conditions and guaran-
tees the transmission of the infection to susceptible
hosts [69]. Several encystation-specific genes have been
identified and characterized during the last decade, and
have shown to be up-regulated with similar kinetics dur-
ing encystation, suggesting that their regulation is at the
transcriptional level [70]. Several reports also described
putative transcription factors that regulate the expression
of encystation-specific genes [71-74]. It was assumed that
the encystation process is controlled at multiple levels
(basic transcription, enhancement or de-repression) [62].
Moreover, it was hypothesized that epigenetic chromatin
modifications via histone acetylation/deacetylation may
participate in modulation of stage differentiation in this
parasite [75]. In higher organisms, different RNA heli-
cases have been described to interact with histone deace-
tylases (HDACs), such as the known transcriptional
regulator DP103 (Ddx20, Gemin3), which was found to
immunoprecipitate with histone deacetylases HDAC2
and HDAC5, suggesting a role in transcription repres-
sion through HDACs recruitment [76]. In addition, the
role of the RNA helicases p68 (Ddx5) and p72
(Ddx17) as transcription repressors when interacting
with HDAC1 [77], HDAC2 and HDAC3 has been
reported [78]. Our findings regarding the levels of in-
duction of the RNA helicase genes by qPCR were di-
verse, ranging from a smooth 2-4-fold induction in
some DEAD-box genes to a high (20-31 times) relative
expression in other genes. Two genes, DEAD-box
GL50803_13791 and DEAH-box GL50803_13200, pre-
sented a marked induction of 554 and 228 times, re-
spectively, under the encystation conditions. Notably,
the up-regulation of the encystation-specific gene cod-
ing for CWP2 increased up to 2,187 times compared
to its expression in trophozoites.
In Giardia, the RNAi machinery controlling antigenic

variation has been found to involve a Dicer enzyme with
unique characteristics when compared to Dicer enzymes
from higher eukaryotes. Giardia Dicer lacks the DExD/H
helicase domain as well as double-stranded RNA binding
motifs present in other Dicer homologs. Because we are
only starting to understand the different roles of RNA
helicases in RNAi, there are still many unresolved ques-
tions. Since different RNA helicases might operate at
different steps in the RNAi pathway or might play dif-
ferent roles, the presence of thirty two putative DExD/
H-box helicases in the Giardia genome and their dif-
ferential patterns of expression during antigenic vari-
ation support their importance for RNAi. It would be
relevant to determine the role of particular Giardia RNA
helicases for different subsets of miRNA or siRNAs.
However, it is already clear that the presence of a RNA
helicase activity (unwinding or as adaptor proteins) is
necessary for the correct functioning at different steps
of the RNAi pathway. As it was proposed in several
reports, there are a number of potential roles for RNA
helicases in RNAi [66]. Our findings in the qPCR
experiments during antigenic variation suggest that
RNA helicases may participate in RNAi. This could be
the case of the G. lamblia putative DEAD-box helicase
GL50803_15048, which was found to present high
homology with the DmBel helicase and also with the
DEAD-box RNA helicases p68 and p72. Taking into ac-
count that some studies pointed out extensive overlap-
ping and interplay among small RNA directed silencing
machineries [64] and different RNA helicases operate
either at different steps or playing different roles in the
RNAi pathway, the involvement of this G. lamblia RNA
helicase (GL50803_15048) in post-transcriptional gene
silencing deserve further analysis.
Although we did not find a putative helicase in Giardia

with high similarity to the HCD of higher eukaryotes
Dicer enzyme, it has been proposed that Dicer helicase
domain is required for siRNA, but not miRNA, proces-
sing [79]. Point mutations within the helicase domain or
Dicer lacking a functional HCD showed that pre-miRNA
processing does not require helicase participation, but
that it is necessary for long dsRNA (siRNA processing)
[79].
In Giardia, we have demonstrated that purified

RdRP generates high-molecular-weight VSP RNAs in
vitro only when more than one VSP transcript is
present in the reaction mixture [22] and proposed a
mechanism where variations in either the general or
local concentrations of different VSP transcripts may
determine which transcript will circumvent the silen-
cing system, as was suggested to occur in higher
eukaryotes [53]. In addition, it has been proposed by
others groups the presence in Giardia of a miRNA
biogenesis pathway reminiscent of the canonical
miRNA biogenesis pathway found in higher organisms
[25,80], and they have identified conserved putative
microRNA target site of several variant surface protein
(VSP) mRNAs. Here Giardia Dicer apparently would
assume the functions of both a Drosha and a Dicer, al-
though no RNA-binding protein DAWDLE (DDL)
homolog has yet been identified in this parasite. Further-
more Giardia Dicer must shuttle between the cytoplasm
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and the nucleus to process pri- and pre-miRNAs, al-
though we determined its cellular localization by expres-
sing a hemagglutinin-tagged version of the protein.
Similar to that observed in other cells, Giardia Dicer
localizes to the cytoplasm [22].
On one hand, the lack of the RNA helicase domain in

Giardia Dicer is in agreement with the occurrence of a
miRNA pathway. But, on the other hand, it was also
proposed that a deletion or mutation of the helicase do-
main of human Dicer leads to a more active enzyme
in vitro for cleavage of a perfectly matched 37-nt linear
duplex RNA [51], allowing the enzyme to rapidly reiniti-
ate cleavage on the long substrates. This last being the
case for the generation of perfectly matched VSP
dsRNAs by RdRP and subsequent degradation [22]. It is
also important to highlight that the lack of the helicase
domain was proposed to increase the effectiveness of
long hairpins for intracellular applications in which mul-
tiple siRNAs are desired, as could be the case for VSP
mRNA degradation. Interestingly, gDicer without the
RNA helicase domain can complement the absence of
the entire Dicer in S. pombe [26]. The lack of the RNA
helicase domain in Giardia Dicer or, in other words, the
inclusion of the RNA helicase domain in Dicer enzymes
of higher eukaryotes, raises new questions about the
function of this domain in Dicer activity and regulation.

Conclusions
The first in silico classification of SF2 G. lamblia heli-
cases was achieved, describing some of their features,
organization, structure, and homology to helicases from
humans and yeast. A series of up- and down-regulated
putative RNA helicases were found during encystation
and antigenic variation, suggesting their participation in
both adaptative processes. Most of them are assumed to
be up-regulated after induction to encystation, while in
the antigenic variation process we infer that the regu-
lated RNA helicases studied may operate at different
steps of the RNAi pathway, even when no putative heli-
case in Giardia presented high similarity to the HCD of
higher eukaryotes Dicer enzymes.

Methods
Screening of databases
The G. lamblia complete genome sequence was screened
at the Giardia Genome Resource [28] (strain ATCC
50803, Assemblage A, isolate WB) using the PSI-
BLASTP program. The query used was the complete
amino acid sequence of the human Eukaryotic Initiation
Factor 4A-I (eIF4A) and the human ATP-dependent
RNA helicase DHX8 as DEAD and DEAH-box proto-
types, respectively. For the determination of identity/
homology sequences within the human genome, we per-
formed a BLASTP search at the NCBI Human database
using the default parameters and the Build protein data-
base. The yeast homologous proteins were obtained with
the HomoloGene option from the NCBI database
according to the human RNA helicase previously found,
and the gene functions or characteristics are based on
the literature. For the Helicase Core Domain analysis, we
performed a BLASTP search using the entire Giardia
Dicer amino acid sequence (ORF GL50803_103887).
One search was conducted within the entire NCBI
proteins database and the other only within the proto-
zoa database available at the NCBI BLAST Assembled
RefSeq Genomes. The search of protozoa proteins
homologous to the Arabidopsis thaliana Dicer-like 1
was performed within the protozoa database at the
NCBI website. The similarity between the Helicase
Core Domain of the protozoa proteins found and the
Giardia database was performed at the Giardia Genome
Resource (strain ATCC 50803, Assemblage A, isolate
WB) using the BLASTP program.

Sequence analysis
Multiple sequence alignment was performed with the
ClustalW2 program at the European Bioinformatics In-
stitute (EBI). For the alignments of each RNA helicase
family shown in the figures we used the Multiple Align
Show at The Sequence Manipulation Suite, specifying
the fraction of residues that need to be identical or simi-
lar in a column of the alignment at 70% for highlighting.
For the “Ident and Sim” analysis within the DEAD-box
sequences, we first performed a MUSCLE alignment at
the EBI website and then ran the program at “The Se-
quence Manipulation Suite”. The structural domains and
sequence patterns were first predicted at the Eukaryotic
Linear Motif resource (ELM) [81], getting the DEXDc
and HELICc RNA helicase domains and the HA2 and
Sec63 domains. After that, each specific family motif
was checked manually and indicated using the putative
consensus motifs described in the literature [43]. For the
graphical representation of the amino acid conserved
motifs within each family we used the web-based appli-
cation WebLogo [38], where each logo consists of stacks
of symbols, one stack for each position in the sequence.
The overall height of the stack indicates the sequence
conservation at that position, whereas the height of sym-
bols within the stack indicates the relative frequency of
each amino or nucleic acid at that position. The putative
Dicer amino acid sequence analysis was performed using
the Eukaryotic Linear Motif resource (ELM) and the
ExPASy - PROSITE database [82].

Phylogenetic analysis
We used only the helicase domain from the RNA heli-
cases selected to run a multiple alignment (MUSCLE) into
the SeaView Version 4.2.12 [83-86]. Then we computed
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the tree using PhyML v3.0.1 as an external program [86].
The design was edited using the Tree Figure Drawing Tool
Version 1.3.1.

Cultures
G. lamblia trophozoites were cultured in TYI-S-33
medium at pH7.0 with 10% adult bovine serum and bo-
vine bile (0.5 mg/ml) [87] in anaerobiosis at 37°C. For
induction of encystation, the trophozoites were cultured
until confluence and then the medium was replaced with
encystation medium (porcine bile 0.45%, lactic acid
0.01% and pH 7.8) [88] and grown in anaerobiosis at 37°C
during 16 h. For antigenic variation experiments, a Giardia
clone expressing VSP-1267 was obtained by serial dilution
and selection by immunofluorescence assays using specific
monoclonal antibody that recognizes only this VSP, and
then cultured until 90% confluence. Induction of antigenic
variation was performed according to Torri et al. (manu-
script in preparation).

RNA extraction and cDNA synthesis
Total RNA was extracted from each sample (tropho-
zoites and encystation induction) using Trizol reagent
(Invitrogen) according with manufacturer’s instructions.
Total RNA was spectrophotometrically quantified and
treated with DNase I (Roche) at 37°C for 1 h. After
DNase inactivation total RNA was quantified again and
several PCRs were performed to check for the presence
of genomic DNA. If no DNA was detected after PCR,
we performed the cDNA synthesis using SuperScript III
Reverse Transcriptase (Invitrogen), following manufac-
turer’s instructions. All newly synthesized cDNA were
collected together for the subsequently qPCR reactions.

Quantitative real time PCR (q-PCR) of RNA helicase mRNA
Quantitative PCR was performed using the QuantiTect
SYBR Green PCR kit (Qiagen). We used 1 μl of cDNA in a
final volume of 25 μl; a triplicate for each gene was per-
formed. The primers used for this determination (0.6 μM
each) were designed based on the N- or C-terminal exten-
sions because they are highly variable in size and compos-
ition, and have no significant homology between them,
making every pair of primers specific for each helicase as
shown in Figures 2, 3 and 4 (red bars). Thermal conditions
were as follow: initial incubation for 15 min at 95°C, 15 sec
at 95°C, 30 sec at 50°C and 30 sec at 72°C for 35 cycles,
with the plate read after each cycle, and a final incubation
for 10 min at 72°C. The Melting Curve was performed
from 50°C to 90°C, with a plate read at every 1°C. We used
the Chromo4 system for Real-time PCR detection (BioRad)
and the data collected was analyzed using the REST 2009
(Relative Expression Software Tool V2.0.13 – Qiagen) [89].
RNA was standardized by quantification of glutamate de-
hydrogenase (gdh) as a reference gene.
Protein isolation and Western blot analysis
Total protein extraction was performed from the same
Trizol extraction procedure, as indicated by the manu-
facturer. Total protein content was determined with the
BCA™ Protein Assay kit (Pierce). Fifty micrograms of
total protein was loaded onto a 10% polyacrylamide gel
(SDS-PAGE) and after running, it was transferred to a
PVDF membrane (Immobilon–P, Millipore). The mem-
brane was blocked with 5% milk in TBS-Tween20 for
1 hour and then incubated with a monoclonal anti-
body (mAbs 7D6) specific against G. lamblia CWP2
[1:2000]. After three washes with TBS-Tween20, the
membrane was incubated with goat anti-mouse im-
munoglobulin serum conjugated with alkaline phos-
phatase [1:2000] (Southern Biotechnology) and revealed
with alkaline phosphatase substrate (BCIP/NBT, Color
Development Solution, BioRad).

Accession numbers
See Additional file 14: Table S4 for a complete list of
proteins cited in the manuscript, organism it is derived
and NCBI reference sequence number.

Additional files

Additional file 1: Table S1. Putative SF2 Helicases from Giardia lamblia.
The table indicates the Family, the gene number from the Assemblage A
isolate WB (the number that is given should be preceded by the prefix
GL50803_), the current Supercontig or positions where it is located, the
number of nucleotides in base pairs (bp) and molecular mass of the
putative protein in kDa, for each putative helicase.

Additional file 2: Table S2. Average lengths (amino acid) of SF2
helicase families from Giardia lamblia. The table indicates the average
length (in number of amino acids) of each SF2 helicase family. The
incompletes sequences were not considered in the computation.

Additional file 3: Figure S1. Phylogenetic tree of the 46 putative SF2
helicase genes in Giardia lamblia. Phylogenetic tree derived from the
alignment of the “Helicase Core Domain” amino acid sequences. Each
helicase is named after its gene number, as in the GiardiaDB. The family
groups are indicated as follows: DEAD-box (orange), DEAH-box (green),
Ski2 (violet), RecQ (pink), Swi2/Snf2 (light orange) and Rad3 (light blue).

Additional file 4: Table S3. Giardia lamblia SF2 helicases homologues
in human and yeast. The table indicates each putative Giardia helicase
with its Accession Number and ORF, the protein length in aminoacid, its
putative helicase homologue form human with the identity and similarity
percentage, and its putative helicase homologue from yeast with their
known functions.

Additional file 5: Figure S2. Alignment of conserved DEAD-box
helicase motifs. The sequences were aligned using the “Multiple Align
Show” software at “The Sequence Manipulation Suite” (http://www.
bioinformatics.org/sms/index.html). The residues conserved at 70% or
more are highlighted in dark; other similar residues within each column
are highlighted in grey.

Additional file 6: Figure S3. Alignment of conserved DEAH-box
helicase motifs. The sequences were aligned using the “Multiple Align
Show” as before. The residues conserved at 70% or more are highlighted
in dark; other similar residues within each column are highlighted in
grey.

Additional file 7: Figure S4. Alignment of conserved Ski2 helicase
motifs. The sequences were aligned using the “Multiple Align Show” as

http://www.biomedcentral.com/content/supplementary/1471-2180-12-284-S1.docx
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before. The residues conserved at 70% or more are highlighted in dark;
other similar residues within each column are highlighted in grey.

Additional file 8: Figure S5. Schematic diagram of the Swi2-Snf2
helicase family in G. lamblia. The SANT domain is represented in blue, the
BROMO domain in brown, and the CHROMO domain in green. The
SNF2N domains are represented in light grey, inside each one of them
are the helicase motifs, when appropriate. The representation is to scale.
Inset: sequence LOGO view of the consensus amino acids. The height of
each amino acid represents the degree of conservation. Colors indicate
properties of the amino acids, as follows: green (polar), blue (basic), red
(acidic) and black (hydrophobic).

Additional file 9: Figure S6. Schematic diagram of the RecQ helicase
family in G. lamblia. The representation is to scale. Inset: sequence LOGO
view of the consensus amino acids. The height of each amino acid
represents the degree of conservation. Colors mark properties of the
amino acids as: green (polar); blue (basic); red (acidic) and black
(hydrophobic).

Additional file 10: Figure S7. Schematic diagram of the Rad3 helicase
family in G. lamblia. The representation is to scale. Inset: sequence LOGO
view of the consensus amino acids. The height of each amino acid
represents the degree of conservation. Colors indicate properties of the
amino acids, as follows: green (polar), blue (basic), red (acidic) and black
(hydrophobic).

Additional file 11: Figure S8. Western blot of trophozoites grown
under proliferating conditions and after induction to encyst. Total protein
extracts from trophozoites grown under normal proliferating conditions
(Normal) or after 16hs induction in encystation medium (Encyst) were
separated using a 10% SDS-polyacrylamide gel and transferred to a PVDF
membrane. The membrane was incubated with a monoclonal antibody
against CWP2. The iqual loading of the samples is shown in the figure at
the right with a Ponceau S staining. The numbers indicate the molecular
weight of protein standards in kDa.

Additional file 12: Figure S9. SAGE (Serial Analysis of Gene Expression)
data. The graph represents the sense tag percentage from Giardia
trophozoites (white bar) and four different encystation times (4, 12, 21
and 42 hours; grayscale bars). Under each ORF it is indicated if these
ORFs were up-regulated (green up arrow), down-regulated (red down
arrow) or remained unmodified (equal sign). A line graph is also provided
for a better identification of the expression pattern. The colored boxes
represent our RT-qPCR results (with the same color code), divided into
families. The asterisk under each box stands for a correlation between the
SAGE and the RT-qPCR data.

Additional file 13: Figure S10. Western blot during antigenic variation
induction. Trophozoites were incubated for the indicated times with a
1:10.000 dilution of mAb 5C1directed against VSP-1267, mAb 7D2 against
Cyst Wall Protein 2 or without antibody (Control). Total protein was
electrophoresed, transferred to a PVDF membrane and incubated with a
mAb against the VSP-1267. The molecular weights of standards are
indicated in kDa.

Additional file 14: Table S4. Accession numbers. The table indicates a
complete list of proteins cited in the manuscript, the organism it is
derived and the NCBI Reference Sequence Number.
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