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Abstract
Giardia lamblia is one of the most common causes of intestinal disease in humans. To adapt to environments both inside and outside of the
host’s small intestine, this protozoan parasite undergoes significant developmental changes during its life cycle. In this review, we analyze and
discuss the most recent findings regarding the process of Giardia trophozoites differentiation into infective cysts as well as the mechanism of
antigenic variation, which allows the parasite to cause chronic and recurrent infections in susceptible individuals.
� 2009 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Giardia lamblia, also called Giardia intestinalis or Giardia
duodenalis, is a single-celled organism that inhabits in the
upper small intestine of humans and several other vertebrates
[1]. This parasite infects thousands of people all over the
world and is the cause of Giardiasis, an infection characterized
by asymptomatic presentation or acute and chronic manifes-
tations including diarrhea and malabsorption [1]. Giardia
infections are initiated by ingestion of cysts from contami-
nated water or food, or through direct fecal-oral contact [2].
Cysts excyst in the upper small intestine releasing the
trophozoites, which proliferate while attached to the epithelial
cells of the gut [2]. The parasite is non-invasive, and neither
toxin nor virulence factors have been clearly defined [1].
Giardia posses two structurally and biochemically different
developmental stages: the motile, flagellate trophozoites that
are responsible for the clinical manifestation of the disease,
and the cyst forms, the infective stage of the microorganism, in
which trophozoites are surrounded by a rigid, protective cyst
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wall that allows the parasite to survive outside the host’s
intestine [1] (Fig. 1).

Giardia is simple with regard to structure. The parasite
possesses some basic characteristics of eukaryotic cells such
as the presence of two nuclei with nuclear envelopes linked to
the endoplasmic reticulum (ER), a very complex cytoskeleton
and lysosome-like peripheral vacuoles (PVs) that are located
underneath the plasma membrane. On the other hand, Giardia
lacks organelles typical of higher eukaryotes, like classical
mitochondria, peroxisomes, and a morphologically evident
Golgi apparatus [1]. Giardia are considered a primitive
eukaryote because phylogenetic studies of several genes
showed that this organism belongs to the earliest diverging
branch of the eukaryotic lineage [3], even though they have
some of the metabolic pathways typical of prokaryotic
organisms [1]. However, the lack of some eukaryotic features
might have been secondarily lost due to its parasitic life style
and metabolic pathways could be acquired by lateral gene
transfer [4,5].

Giardia possesses two mechanisms of adaptation to survive
inside and outside the host intestine, antigenic variation and
encystation, respectively [2]. Antigenic variation consists of
the continuous switching of specific surface antigens thought
to be important for evasion of the host’s immune system [6].
Encystation, on the other hand, comprises the formation of
a resistant cyst wall that permits the parasite to survive under
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Fig. 1. Morphology of Giardia lamblia. A: Phase contrast image of Giardia trophozoites; B: Immunofluorescence image of Giardia trophozoites labeled with

a monoclonal antibody against VSP 9B10 (green), nuclei are stained with DAPI (blue), in which variable expression of a given surface protein can be observed. C:

Phase contrast of a Giardia cyst; D: Immunofluorescence of Giardia lamblia cyst labeled with an antibody specific for CWP 2 (green), nuclei staining with DAPI

(blue).
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hostile external environmental conditions and guarantees the
transmission of the infection to susceptible hosts [2] (Fig. 1).

In this review, we describe and discuss the latest most
relevant findings about the biology of this parasite and intro-
duce new questions that are of significance to understand key
molecular processes in this fascinating protozoan parasite.

2. Structural characteristics of Giardia

The vegetative trophozoite is a pear-shape cell about
12e15 mm long, 5e7 mm wide, and 1e2 mm thick. Giardia
possesses two nuclei surrounded by nuclear envelopes that
remain practically intact throughout the cell cycle [1,7].
Giardia has a complex cytoskeleton that maintains the shape
of the parasite and anchors the four pairs of flagella, which
emerge ventrally, anteriolaterally, posteriolaterally, and
caudally from the cell body; the median body; and the ventral
disk [8]. These structures are important for attachment of the
trophozoites to the enterocytes in the intestine [2,8,9] and are
the target of some drugs currently in the market used to treat
the infection [9].

Giardia has a well-developed ER and can form secretory
vesicles [10,11], some of which are clearly visible during
encystation (the encystation-specific secretory vesicles or
ESVs), and which transport cyst wall components to the cell
surface for assembly into the extracellular cyst wall [2].
Surprising, a typical Golgi apparatus comprising a set of
flattened cisternae is not found at any time during the Giardia
life cycle [10]. Giardia also lacks ‘‘typical’’ eukaryotic
organelles, like peroxisomes and mitochondria, although a
mitochondrial remnant has been described and characterized
recently [12]. In the cell cytoplasm and adjacent to the plasma
membrane (except in the region of the ventral disk), there are
numerous vesicles and tubules, the PVs, that function both as
endosomes and lysosomes [10].

The formation of the cyst allows the parasite to survive
outside the host and to resist the adverse conditions that the
parasite confronts when cysts are released with the feces of
infected individuals into the environment [1,2]. Therefore, the
cysts are responsible for the transmission of the parasite
among susceptible hosts [1,2]. Giardia cysts are oval in shape
and range in size from 6 to 10 mm. The cyst wall varies from
0.3 to 0.5 mm in thickness that is formed by an outer fila-
mentous layer and an inner membranous layer including two
membranes that enclose the periplasmic space [1]. The
biochemical composition of the cyst wall is composed of
carbohydrates, in the form of N-acetyl galactosamine poly-
mers [2], and cyst wall proteins (CWPs) [13,14]. The
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cytoplasm of the cyst contains two or four nuclei depending on
the stage of maturation, the contracted flagella, and frag-
mented portions of the ventral disk [2,9].

Giardia trophozoites have four pairs of flagella composed
of microtubules in a typically eukaryotic 9þ 2 arrangement
that are built from basal bodies between both nuclei [8]. The
flagella are important for parasite motility, during the excys-
tation process (see below), and may function (the ventral pair)
in the attachment of the parasite to the epithelial surface by
creating negative pressure under the ventral disk [15]. The
basal bodies also are involved in nuclear division (see below)
[7,16,17]. The funis is a structure made of short arrays of
microtubules that are associated dorsal and ventrally with the
axonemes of the caudal flagella. The median bodies are
formed by an irregular set of microtubules and have an
unknown function. In general, median bodies have a comma-
shape structure that varies in size and thickness, and are
located transversally, perpendicular to the central axis. It has
been proposed that the median bodies function in nucleation or
reserve of microtubules and in the biogenesis of the ventral
disk [18].

The ventral disk is a unique structure of this genus and
covers the anterior half of the ventral side of the trophozoite. It
is linked to the plasma membrane by short fibers [8] that are
composed of a- and b-tubulin, contractile proteins, and cyto-
skeletal proteins called giardins [9]. In addition to its function
as a sucking disk that allows the parasite to attach to the
epithelial microvillus of the upper small intestine, this struc-
ture also has been implicated to play roles in nuclear division
[7,16]. Parasites do not invade the host epithelium, so the
establishment of Giardia infections depends on the ability
of the trophozoite to attach to the intestinal wall and the
ventral disk is a key organelle in this process. This structure
undergoes profound changes during the process of differenti-
ation into cysts where it disassembles and is stored as frag-
ments during cyst formation [9]. During excystation, the newly
tetranucleated trophozoites enter rapidly into cytokinesis and
reassemble the disk fragments into two new adhesive disks [9].

Giardia trophozoites possesses two diploid (2� 2N), oval-
shaped nuclei, of about 1 mm in diameter each, located in the
anterior half of the cell, at the left and right sides of the longi-
tudinal axis and divide by binary fission [7]. Apparently, both
nuclei contain the same genetic information [19], are tran-
scriptionally active [19,20], divide at the same time [15], and are
equally partitioned at cytokinesis [20]. On the other hand, the
mature cyst is tetranucleated, which is due to a nuclear division
without cytokinesis occurring during the last phase of encysta-
tion, thereby generating cells with a DNA content of 16N
(4� 4N) [21]. During excystation, cytokinesis occurs pro-
ducing two trophozoites with 8N (2� 4N) each, follow by
a complete cell division that generates four trophozoites con-
taining 4N (2� 2N) each [21]. An important question is how
Giardia coordinates its cell division to produce two identical
daughter nuclei. Recently, some controversial findings in this
regard have been reported, although all authors agree with the
fact that the nuclear envelope remains almost intact during the
entire cell cycle of the parasite [7,16,17].
A series of electron microscopic studies proposes that the
ventral disk and the basal bodies of the flagella command the
mitosis of G. lamblia [7,16]. These authors did not observe
microtubular spindles either inside or outside the nuclei during
the mitotic process. Conversely, a more recent report describes
the presence of a microtubule spindle during karyokinesis
[17]. These authors used molecular markers, such as anti-
tubulin antibodies to label the microtubule spindles, an anti-
centrin antibody to label the centrosomes (this protein is found
in the basal bodies and centrioles in other organisms) and
CenH3 to mark the centromere, which is a variant histone H3
that collaborates with the kinetochore structural assembly
[22]. The authors postulate that Giardia exhibits semi-open
mitosis, where two nuclear microtubule spindles enter into
each nucleus through a polar opening in the nuclear envelope
and supervise chromosome segregation, interacting with the
kinetochores (marked with CenH3-GFP). Apparently, the
basal bodies act like centrosomes (marked with anti-centrin
antibody) collaborating with this process. The nuclear enve-
lope remains intact during the entire process, and the chro-
mosomes are segregated along the left-right axis and
cytokinesis occurs along the longitudinal axis. This is an
elegant description of the cell division process; however, in
this study, the authors used cells transfected with GFP-CenH3.
GFP is not fluorescent in Giardia because they are almost
completely anaerobic organisms, so GFP is only used as a tag
in static experiments. CenH3 is a key molecule in kinetocore
assembly with a molecular weight of about 17 kDa (GFP is
larger with about 27 kDa); therefore, this tag could interfere in
the interpretation of the result. Due to these discrepancies, it is
necessary to determine the dynamics of nuclear division in
Giardia once new tools become available.

In Giardia, the heterozygosity of its genome is less than
0.01% [3]. This is an unsuspected characteristic because the
parasite possesses two nuclei and no sexual stages have been
described; however, some genes homologous to those of the
meiotic process in higher eukaryotes are present in Giardia [3].
A recent report describes a possible mechanism that maintains
low-grade heterozygosity, which includes karyogamy and
exchange of genetic material between the nuclei. By using
episomal plasmid probes, tagging of giardial homologs of
meiosis-specific genes and transmission electron microscopy
(TEM), these authors showed fusion of the nuclei (or kary-
ogamy) in cysts, and subsequently, somatic homolog recombi-
nation facilitated by Giardia meiosis components [23].

Like in higher eukaryotes, Giardia nuclei are surrounded by
the nuclear envelope, formed by inner and outer membranes that
are maintained during the cell cycle, and are perforated by
nuclear pore complexes. The outer membrane is studded with
a few ribosomes; but during encystation their numbers increase,
which correlates with the higher rates of transcription and
translation during this developmental change in trophozoites
[24]. This membrane is contiguous with the ER system. In
ultrastructural observations, the inner membranes of Giardia
nuclei are covered by a dense material, probably the nuclear
lamina, which is known to provide structural support to the
nuclear envelope [24]; however, immunocytochemistry using an
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anti-mammalian lamin antibody did not detect this molecule in
the nuclei of the parasite, and its gene is not present in the
Giardia genome [24]. The structure of the nuclear pore complex
is similar to those found in other eukaryotic cells, with
a different pore number in an asymmetric distribution in each
nucleus. This observation may reflect a distinct metabolic
activity, which contrasts with the previous suggestion that both
nuclei are equivalent [19].

In higher eukaryotes, more than 50 different proteins,
called nucleoporins, have been identified, which are arranged
with a striking octagonal symmetry. In Giardia, the molecular
composition of nuclear pores is completely unknown.

The nucleolus is a specialized region of the nucleus where
rRNA synthesis and processing as well as further ribosome
subunit assembly take place. It previously was suggested that
the rDNA of Giardia does not form the nucleolar organizing
region (NOR) structure and that it may represent a primitive
state of this cell [25]. A recent report [26], however, using
nucleolar-specific molecular markers (fibrillarin and rRNA-
pseudouridine synthase, CBF5), show at the light, fluores-
cence, and TEM levels, the presence of 0.2e0.5 mm-sized
intra-nuclear sub-compartment domains of fibro-granular
nature at the anterior zone of both nuclei that may well
correlate with nucleolar organizing regions in Giardia
trophozoites.

More recently, novel approaches and techniques have pro-
vided interesting information regarding many aspects that
were controversial about the structural characteristics of this
parasite. Nevertheless, we are far from fully understanding
how the molecular discoveries (greatly helped by the
sequencing of the entire Giardia genome) are linked to the
structural observations reported about the parasite.

3. Molecular mechanisms of Giardia differentiation
into cysts

The study of cell differentiation in several important human
parasites, such us Entamoeba, Cryotosporidium, and Micro-
sporidium, among others, is difficult because the stimuli that
trigger differentiation in these microorganisms are still
unknown. Therefore, Giardia has become an interesting model
system to study the mechanism of cellular differentiation in
early branching eukaryotes [2,27].

Encystation of G. lamblia can be divided into three stages
[2]. The first is the reception of the stimulus for encystation,
the transmission of this signal to the nuclei, and the expression
of encystation-specific genes. The second step comprises the
synthesis of precursors and cyst wall molecules, the biogenesis
of secretory organelles absent in non-encysting trophozoites,
and the intracellular trafficking of the cyst wall components.
Finally, the last stage of encystation includes exocytosis of
ESVs and assembly of the extracellular cyst wall (Fig. 1).

The ability to induce encystation of G. lamblia in vitro was
described more than 20 years ago [28], but the specific and
unique stimuli that trigger the process were discovered ten
years later [29]. The capacity to reproduce cyst formation in
the laboratory allowed the identification of molecules that are
specifically induced during encystation, including components
of the ESVs and the cyst wall, particularly CWP-encoding
genes, which, at the same time, permitted a better under-
standing of the molecular basis and regulation of the encys-
tation process [2].

Cholesterol deprivation was demonstrated to be necessary
and sufficient to trigger differentiation of Giardia trophozoites
into cysts [29]. This parasite cannot synthesize cholesterol de
novo and trophozoites take up this lipid from the milieu of the
upper small intestine [1]. The host intestine absorbs this lipid
at the jejunum and below this intestinal region; the concen-
tration of cholesterol is very low. When Giardia travel down
the intestine, the host detects this condition and triggers the
encystation process [2]. Previously, it was demonstrated that
bile salts also were capable of inducing encystation, but it later
was shown that bile salts can form stable micelles with
cholesterol, inhibiting its uptake by the cells [2]. Nevertheless,
how Giardia detects low levels of cholesterol remains
unknown.
3.1. Gene regulation during encystation
In mammalian cells, a family of membrane-bound tran-
scription factors located at the ER, called the Sterol Regula-
tory Element Binding Proteins (SREBPs), plays key roles in
the regulation of cholesterol metabolism [30]. Low levels of
cholesterol alter the fluidity of the plasma membrane and, in
collaboration with others molecules, produce the cleavage of
the cytoplasmic domain of SREBP, which then interacts with
the SRE present in the promoter region of sterol regulated
genes to up-regulate transcription [31]. Since no SREBP has
been found in the Giardia genome, a report described evidence
of a similar process in G. lamblia in a particularly indirect
manner. The authors showed that when transfecting mamma-
lian cells with vectors containing the promoter sequence of the
CWP2 gene fused to the luciferase reporter and then depleting
cholesterol from the culture medium, the reporter gene
expression increased 2- to 3-fold [31]. Unfortunately, the
authors did not show that a similar increase in expression
occurs for CWP1, CWP3, and other genes that are known to
increase their expression during encystation. Moreover, the
expression of CWP2 is known to increase near 140-fold during
Giardia encystation [13], in contrast to the 2- to 3-fold
increase of the CWP2 promoter-luciferase construct [31].
Therefore, the mechanism by which cholesterol deprivation
triggers specific gene regulation remains enigmatic. We
support the hypothesis that changes in the fluidity of the
Giardia membranes due to the lack of cholesterol may modify
the activity of membrane-anchored enzymes, which in turn
trigger a signal transduction pathway that ends with the tran-
scriptional activation of encystation-specific genes [13].

To date, gene regulation during encystation is poorly
understood. Several encystation-specific genes have been
identified and characterized during the last decade, and shown
to be up-regulated with similar kinetics during encystation,
suggesting that their regulation is at the transcriptional level
[13]. The genome of Giardia is compact in structure and



Fig. 2. Schematic representation of putative transcription factors described to

be involved in encystation of Giardia. CWP1: Cyst Wall Protein 1; CWP2:

Cyst Wall Protein 2; CWP3: Cyst Wall Protein 3. HCNP: High-Cysteine Non-

VSP Cyst protein; G6PI: Glucose-6-phosphate isomerase; Myb2: myb-related

transcription factors; SREBPs: Sterol Regulatory Element Binding Proteins;

GARP: Golden Arabidopsis Response Regulator Protein; ARID: AT-rich

interaction domain; WRKY: wrky transcription factor.
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contains 11.7 Mb divided into five chromosomes [3]. DNA
synthesis and transcription are very simple and many charac-
teristics of transcription seem to be uncommon [3]. Several
genes overlap and others are within 100 nucleotides of an
adjacent ORF [3]. Giardia has a highly divergent TATA-
binding protein, lack 8 out of 12 general transcription factors,
and neither TATA nor CCAAT boxes have been described
[32]. Apparently, AT-rich sequences can act as initiators of
transcription for many genes. In the promoter of CWP2,
a positive cis-acting element (�23 to �10) and a negative cis-
acting element (�64 to �52) have been postulated to exist
[33], and, recently, several publications described putative
transcription factors that regulate the expression of encysta-
tion-specific genes (summarized in Fig. 2):

MYB-like transcription factors: Myb2 was the first putative
giardial transcription factor to be identified and the first
associated with up-regulation of encystation gene expression.
Myb family members are important transcription factors in
fungi, plants and mammals, regulating developmental pro-
cesses as well as the cell cycle. Two putative Myb genes in
Giardia contain the typical myb domain. Giardia myb2 is
induced during encystation, whereas the expression of myb1 is
constitutive. Epitope-tagged Myb2 was localized to both
nuclei of the parasite. Myb2 interacts with double-stranded
DNA and binds specifically to a C(T/A)ACAG motif, which is
similar to the target of eukaryotic c-Myb, PyAACNG. This
domain is present in the 50-flanking regions of four encysta-
tion-induced genes, cwp1, cwp2, cwp3, g6pi-b and myb2 itself
[34]. Unfortunately, although the techniques are available, the
expression of Myb2 was not disrupted by those authors to
demonstrate a direct link between this putative transcription
factor and the regulation of encystation in Giardia. Never-
theless, Myb2 is the transcription factor with the highest
possibility to function during encystation.

ARID-like proteins (AT-rich interaction domain): ARID
proteins integrate a large family of transcription factors in
higher eukaryotes that regulate cell proliferation, development
and differentiation. Sun’s group reported that by BLAST
analysis they identified two putative sequences with ARID
domains in the Giardia genome, ARID1 and 2 [35]. Recom-
binant ARID1 specifically binds to the CWP1 promoter.
Epitope-tagged ARID1 was found to localize to the nuclei
during vegetative growth and encystation. The mRNA levels
of ARID1 decrease slightly during early encystation and sig-
nificantly at 24 h. The authors presented evidence from
experiments where they compared the increase of the ARID1
and clearly did not show a significant enhancement in
expression, as their conclusions stated. Rather, they suggested
that ARID1 might function as a transcription factor because
they expressed a recombinant protein and performed gel shift
experiments that showed DNA-binding capacity of the mole-
cule [35]. However, the discrepancy between what is stated in
this report and what is shown is troubling. Also in this case,
the putative function of ARID1 as a transcription factor for
encystation remains controversial.

GARP-like proteins: This is a large family of DNA-binding
proteins from plants that are involved in regulation of tran-
scription, phosphotransfer signaling, and differentiation [36].
The authors identified four GARP-like genes named GLP1e4,
which contain putative GARP domains. GLP1 mRNA levels
increase slightly during encystation but GLP2, GLP3 and
GLP4 were down-regulated during this process. Epitope-tag-
ged GLP1 localized in both nuclei and the signal level was
increased 10-fold during encystation. Recombinant GLP1 and
GLP2 specifically bind to CWP1 promoters and to the
constitutively expressed RAN gene promoter [36]. Here again,
the value of GARP-1 as a transcription factor exclusive for
encystation-specific genes is debatable.

WRKY-like proteins: WRKY proteins constitute a large
family of DNA-binding proteins present in plants that are
involved in disease resistance, stress response, dormancy and
development [37]. Recently, Sun’s group described a putative
homolog of WRKY in G. lamblia (ORF: 9237) characterized
by two WRKY-like domains and a Zn-finger motif, which is
up-regulated during encystation [37]. Epitope-tagged WRKY
was found in the cytoplasm and nuclei of vegetative tropho-
zoites and mainly in the nuclei during encystation. Chromatin
immunoprecipitation assays confirmed that WRKY binds to
the 50 upstream region of CWP1, CWP2 and Myb2 genes as
well as to its own promoter. It also was shown that when over-
expressing ERK1, a member of the MAPK family (see below),
the WRKY mRNA levels increase, suggesting that this protein
plays a role in the MAPK/ERK1 pathway. Although these
results are quite interesting, there are some problems with the
design of the experiments and the conclusion taken from the
results. For example, a significant increase in expression of
this molecule during encystation is difficult to observe, as
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described by the authors. In addition, there are differences in
the molecular mass of several constructs designed to deter-
mine the DNA-binding site as compared to the mass predicted
by their primary sequence or by the mass of the recombinant
proteins.

The same authors also reported that both antibiotics
routinely used to select for cells containing the plasmids
utilized to express foreign genes or tagged-variants in Giardia
(neomycin and puromycin) are, per se, able to modify gene
expression in this parasite [38]. In this report, this group adds
more controversy to the field of gene regulation in Giardia
because these antibiotics are commonly used by many groups
without finding any relevant change in the behavior of the cell
and leaves us without the information needed to understand
this process. What is clear is that genes that are up-regulated
during encystation are present on different chromosomes
and their transcription is regulated. Therefore, transcription
factors should be necessary to control the expression of
these genes during differentiation [13]. Unfortunately, the
results presented so far in this regard have not solved the
puzzle of how this process is regulated and coordinated. Since
transcription in Giardia has been reported to be very relaxed
[39], we favor the idea that a transcriptional repressor is
working to block the expression of encystation-specific genes,
which should be released from the DNA at the time of
differentiation.
3.2. Signal transduction pathways during encystation
The genome of G. lamblia presents an extensive number of
putative protein kinases, which could reflex the complex
requirement of signal transduction to coordinate not only cell
proliferation but also the encystationeexcystation processes
[3]. However, the proteins and pathways involved in signal
transduction have only begun to be understood. Some reports
describe a possible mechanism:

ERK1 and ERK2 (Extracellular regulated kinases 1 and 2):
These enzymes possess homology to members of the Mitogen-
activated Protein Kinase (MAPK) family, involved in sig-
naling in higher eukaryotes [40]. Furthermore, these proteins
are activated by phosphorylation, are able to translocate to the
nuclei, and phosphorylate other Giardia proteins, including
putative transcription factors. In Giardia, these enzymes
localize to different structures, gERK1 to the median body,
ventral disc, and basal bodies, and gERK2 to the nuclei and
caudal flagella. ERK2 changes its localization pattern during
encystation, being more punctuate and mostly cytoplasmic.

PP2A-C (Protein phosphatase 2A): This is a highly con-
served serine/threonine protein phosphatase associated with
encystation and excystation processes [41]. PP2A-C localizes
to cytoskeleton structures and occasionally to the cyst wall.
Western blot analyses showed reproducibly that the protein
level of gPP2A-C resembles mRNA expression and is up-
regulated in cysts and in the beginning of the excystation
process. The knock-down of this kinase produces a reduction
in the number of ESVs and a significant reduction in the
number of cysts.
PKB (Protein Kinase B). This is a member of a novel
subgroup of serine/threonine kinases. Giardia PKB possesses
a transmembrane domain in the catalytic region and a pro-
bable nuclear localization signal in the regulatory domain. It
is constitutively expressed and is up-regulated during encys-
tation [42].

PKC (Protein Kinase C): Several isoforms of this enzyme
have been identified in Giardia, which show changes in
expression during encystation. Selective PKC inhibitors
blocked the encystation in a dose-dependent manner [43].

More deep studies are necessary to link these elements to
each other, in order to improve the knowledge of signal
transduction in G. lamblia.

ADI (Arginine Deiminase): This enzyme is part of the
energy metabolism of the parasite but recently was reported
that play multiple roles in signal transduction pathways
leading to the control of encystation and antigenic variation
due to the potential of this enzyme to citrullinate arginines
present in Giardia proteins [44]. However, a recent report casts
doubt about this additional function of Giardia ADI since
recombinant dimeric enzymes were unable to perform this
process reported to be caused by protein arginine deiminases
(PADs) in higher organisms [45].

It is clear that from most of the cellular processes studied
during adaptation and differentiation of this parasite, signal
transduction pathways are among the least understood and,
therefore, further studies are highly necessary to decipher
the mechanisms of sensing the stimulus of encystation and
excystation, the regulation of developmentally regulated
expression of certain genes, the mechanisms controlling the
cell cycle, and, if any, the control of antigenic variation.
3.3. Protein trafficking during encystation
The first structural manifestation of encystation is the
formation of the encystation-specific secretory vesicles (ESV)
in the cytoplasm of encysting trophozoites [11]. ESVs are
typical secretory granules, with dense content, surrounded by
a membrane [2]. This event is an example of regulated
transport of cyst wall components. Nevertheless, secretory
granules in higher eukaryotes form in the trans face of the
Golgi apparatus [46]. Thus, how Giardia forms these granules
without a Golgi apparatus is an intriguing question. Two major
mechanisms have been proposed for trafficking throughout the
Golgi complex in higher eukaryotes: vesicular transport
between cisternae and cisternal maturation [47]. Hehl’s group
hypothesized that the ESVs are the Golgi equivalent in
Giardia based on several observations [48]. However, since
protein sorting and packaging also occur in non-encysting
trophozoites, we prefer the idea that the absence of the typical
Golgi apparatus in Giardia is due to the lack of glycosyl
transferases, which are known to be present in different
cisternae to perform a sequential addition of carbohydrates to
complex glycoproteins [10].

Regarding the biogenesis of the ESVs, CWPs form disul-
fide-bonded heterodimers and oligomers soon after their
synthesis; a key distinction between them is the presence of
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a C-terminal 121-amino acid basic extension in CWP2 that is
present when CWP2 is within the ESVs but is absent when the
protein is in the cyst wall [13]. It has been shown that the tail
in CWP2 is necessary for ESV formation, which is then pro-
cessed by a cysteine protease later during encystation [10].

An extra component of the cyst wall has been described
recently, a High-Cysteine Non-VSP Cyst protein, HCNCp [49].
This protein found in vegetative trophozoites, is up-regulated
during encystation and colocalizes with ESVs in encysting
trophozoites and with the cyst wall of mature cysts. The function
of HCNCp during encystation is unclear. In the genome of the
parasite, there are dozens of homolog genes that resemble VSPs
(see later) but differ in their cytoplasmic tails [49]. From those,
only this protein seems to be induced during encystation.
Nothing is known about the other members of this family.

Another relevant issue is how Giardia transports the com-
ponents of the cyst wall avoiding their intracellular polymer-
ization [2]. A Giardia Granule-Specific-Protein (GSP) has
been identified in the lumen of ESVs capable of binding
calcium ions. GSP may be involved in calcium sensing to
prevent the premature assembly of CWPs within ESVs and
regulating the exocytic process [50].

The study of the cyst wall assembly is very difficult,
probably due to its rapid and synchronous nature [2]. Nothing
is known about the actual stimulus that triggers granule release
and the molecular basis of this process is poorly understood.

The first morphological manifestation of this process in vitro
is the detachment of the trophozoites and the change from pear-
shaped to round or oval. Apparently, cytoskeletal structures like
the ventral disk and the flagella are not necessary in the process,
but are essential in the opposite process, excystation [1]. Early
during encystation, the flagella are gradually internalized and
ventral disk partially disrupted and maintained as fragments in
the cytoplasm of the cell. Subsequently, over the dorsal and
ventral surface, irregularly shaped bundles of variable extension
begin to form, which are composed of fibrillar materials that
gradually increase in size. These structures form multiples areas
of coalescence that overlap progressively and turn the cell into
a rounded form, completely covered with filamentous mesh-
work of about 300 nm [2].

Unfortunately, how the cyst wall is assembled remains
unknown. Do all the ESVs fuse with the plasma membrane
simultaneously? How is the fibrillar structure of the cyst wall
deposited at the plasma membrane and not lost in the envi-
ronment? How do the carbohydrate portions of the cyst wall
interact with the CWPs? These are some of the questions that
remain unsolved regarding this interesting process in which
the machinery responsible for the production of the cyst wall
is generated intracellularly, but the deposition and maturation
of the wall occurs outside the cell. Further studies linking the
known composition of the cyst wall and the morphological
observations regarding its building are necessary.

4. The molecular mechanism of Giardia excystation

The infection of Giardia begins when cysts enter in
a susceptible host [1,2]. Excystation is the process that consists
of the release of trophozoites from the cysts, which proliferate
in the small intestine. Some authors define to the recently
excysted trophozoite as excyzoites, which have an oval shape
and four nuclei that quickly divide (within 15e30 min) and
subsequently undergo complete cell division (cytokinesis and
karyokinesis) to give four binucleated trophozoites [21].

In the host, excystation starts in the stomach, when the cyst
detects a high concentration of Hþ, and is completed in the
first part of the small intestine likely facilitated by pancreatic
proteases and the slightly alkaline pH of the duodenum [1].
This is a rapid and coordinated event since, if excystation
occurs prematurely in the stomach, the low pH would destroy
the nascent trophozoites. On the other hand, if it occurs in the
last part of the small intestine or in the colon, the low
concentration of lipid and other nutrients would prevent the
establishment of the infection [9].

There is no time for transcription or translation of new
proteins during the passage of the cysts through the stomach;
for this reason, rapid cell signaling in response to the excys-
tation stimulus and the existence of preformed cytoskeleton
structures are essential to establish the infection in a new
host [8]. In this regard, protein kinase A activity and calcium
signaling pathways have been reported to play a role in this
process [51,52]. In addition, the cytoskeleton of Giardia is
a key player in the infection process and its assembly is finely
coordinated during encystationeexcystation passages [7]. The
four pairs of flagella are intact within the cyst, which is
essential for the trophozoites during excystation because the
movement of the flagella coincides with the release of the
trophozoite from the cyst [1]. Another key component is
the ventral disk; this structure is disassembled during encys-
tation and stored as fragments in the cyst, which are quickly
reassembled in a functional structure during excystation [9].

5. Molecular mechanisms involved in antigenic variation

Bacterial, protozoan and fungal pathogens from distant
evolutionary lineages have developed surprisingly similar
mechanisms to avoid recognition by the host immune system
and therefore maintain chronic and/or persistent infections
[53]. Antigenic variation is one such mechanism, which is
characterized by the continuous switching of surface antigenic
molecules to evade the immune response generated by the host
[6]. However, some free-living organisms, like Paramecium
and Tetrahymena, rely on antigenic variation as well [54].

Giardia also undergoes antigenic variation. This process
was described initially as an in vitro phenomenon but subse-
quently was demonstrated in human and laboratory animal
infections [6]. Giardia trophozoites are entirely covered by
a family of proteins known as Variant-specific Surface
Proteins (VSPs) [6]. Only one VSP, from a repertoire of
about 190 VSPs genes present in the parasite genome, is
expressed on the surface at a particular time [55], except
during the switching process [6] and during encystation [56].
Switching of one VSP for another occurs spontaneously every
6e13 generations, even in the absence of immunological
pressure [6].
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VSPs are cysteine-rich proteins containing many CXX
motifs, one or two GGCY motifs, a Zn-finger motif, a
conserved transmembrane domain and an invariant cyto-
plasmic tail containing only five amino acids, CRGKA [6].
The amino terminal portion is variable and constitutes the
interface between Giardia and the host [6]. VSPs are resistant
to intestinal proteases, so one additional function of these
proteins could be promoting the survival of the trophozoite in
the protease-rich environment of the small intestine [6].
5.1. Gene regulation of antigenic variation
Two general types of mechanisms that control antigenic
variation have been described in microbial systems: genetic
and epigenetic mechanisms [53].

During the last years, several laboratories have been
extensively studying the mechanism controlling antigenic
variation in G. lamblia. Neither DNA sequence alterations nor
DNA rearrangements have been described for VSP expression.
VSP genes have no introns, their 50 and 30 UTRs are extremely
short, presenting no evident homology and no promoter
sequences have been described for this family of genes. A
recent report demonstrated that expression of the VSP is
independent of the 50 and 30 flanking sequences, postulating
that an epigenetic mechanism is involved in antigenic varia-
tion of Giardia [57].

A more recent report postulated that a post-transcriptional
gene silencing (PTGS) mechanism similar to RNA interfer-
ence (RNAi) regulates VSP expression. Using RNA isolated
from a particular clone that expresses a unique VSP, the
simultaneous transcription of several VPS genes, although
only one VSP mRNA corresponding to the VSP that is
expressed at the trophozoite’s plasma membrane, accumulates
in the cytoplasm. Antisense VSP transcripts complementary to
the sense strand of VSP were identified that were produced in
the cytoplasm by the activity of an RNA-dependent RNA-
polymerase (RdRP). Sense and antisense RNA form double-
stranded RNA complexes (dsRNAs), which are the target for
the action of the dsRNA endonuclease Dicer. It was shown that
this enzyme generates small RNAs of 21e25-nt in length from
transcribed but not translated VSP mRNAs. An Argonaute
gene (AGO), a member of RNAi, is present in Giardia and it is
possible that this molecule is part of the RISC complex that
collaborates with the silencing process of VSP by Dicer.
Importantly, when these key components of the RNAi
machinery, Dicer and RdRP, were knocked-down, trophozoites
expressing more than one particular VSP at the same time on
their surface were generated [55].

How Giardia selects one or another VSP or how changes
the expression of VSPs are the next question to study. Perhaps,
an unbalance of the RNAi pathways due to a different VSP
transcript concentration, the presence of additional molecules,
changes in the chromatin state, or other epigenetic mecha-
nisms may be acting in this fascinating process [55].

Recently, Saraiya and Wang [58] described the first
snoRNA capable of producing miRNAs in any eukaryote. The
miRNA targeted many different Giardia genes, including 22
VSPs genes, suggesting that this mechanism may be involved
in controlling antigenic variation. These authors suggested that
other still undiscovered miRNAs might be regulating many
cellular processes in Giardia, including antigenic variation.
Undoubtedly, the small RNAs might contribute to the fine-
tuning regarding what VSP from the repertoire might be
selected for expression in individual trophozoites [55].

6. Conclusion and perspectives

Recently, important advances in our knowledge of the
biology of Giardia have been reported. Generation of the full
sequence of the Giardia genome of the WB isolate (assem-
blage A) [3] has produced novel and exciting findings
regarding the molecular mechanisms of protein trafficking and
antigenic variation, as well as new ways to understand the
relationship of this organism with the host. More recently, the
draft genome sequencing of the other assemblage that infect
humans (assemblage B) has been reported and suggested that
the GS isolate, which belongs to this group, may represent
a different species [59]. This finding will provide new
evidence about the differences in the biology, infectivity and
host specificity of Giardia. In fact, this organism is full of
surprises and many important issues remain poorly understood
or controversial. Since Giardia occupies a unique phyloge-
netic position, answers to these questions will provide infor-
mation about the evolution of higher eukaryotes, but, since
Giardia is a obligate parasite, a better understanding of the
structure/composition relationship of key molecular processes
and organelles may provide new clues of what essential
components are needed when an organism colonizes a host
and which are dispensable. The use of Giardia as a model
system undoubtedly will generate information to understand
the biology of other pathogenic organisms and the host
response to them.
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