
Giardia intestinalis (also known as Giardia lamblia and 
Giardia duodenalis) causes one of the most common 
parasitic infections worldwide. It contributes to an 
estimated 280 million symptomatic human infections 
(called giardiasis) per year1 and has been included as 
part of the WHO Neglected Disease Initiative since 
2004. G. intestinalis is a potential zoonotic pathogen, 
and infection in young farm animals can have an eco-
nomic impact resulting from loss in productivity2. The 
parasite survives in the environment for prolonged 
periods, the infectious dose is low (10 cysts3) and the 
need to control waterborne transmission results in 
large economic losses for industry. Giardiasis is char-
acterized by watery diarrhoea, epigastric pain, nausea, 
vomiting and weight loss. These symptoms appear 
6–15 days after infection4, and the clinical impact is 
stronger in young children and in undernourished 
or immunodeficient individuals; treatment is usually 
with metronidazole or other nitroimidazoles. Chronic 
infections are common but, conversely, about half of  
the infections during epidemics are asymptomatic and the  
infection frequently resolves spontaneously4–6. Recent 
data indicate that functional gastrointestinal disorders 
such as irritable bowel syndrome can be associated with 
a previous G. intestinalis infection7. Thus, the symp-
tomatology is extremely variable. There is little insight 
into how Giardia spp. cause disease; they are not invasive  
and secrete no known toxin4,5.

Eukaryotes have classically been divided into four 
main groups: animals, plants, fungi and protists. 
Animals, plants and fungi have been studied exten-
sively, and our knowledge about eukaryotic organisms 

is mainly based on experimental data from organisms 
in these groups. Few protists have been studied in any 
detail, but these studies have identified several molecu-
lar mechanisms that were later shown to occur in most 
eukaryotes (for example, RNA editing and telomerase-
mediated telomere maintenance8). The protist genus 
Giardia is a member of the diplomonads, which is a 
group of binucleated flagellates that are found in anaer-
obic or microaerophilic environments and that are now 
classified as part of the supergroup Excavata9 (BOX1). 
Giardia spp. are some of the most divergent eukaryo-
tes examined to date and provide unique opportuni-
ties for gaining basic insights into key pathways that 
characterize eukaryotic cells and also for identifying 
new molecular mechanisms. Owing to its unique and 
unusual ultrastructure (for example, it contains periph-
eral vesicles and lacks stacked Golgi), its bacterial-like 
metabolism, its simple in vitro differentiation and its 
sequenced genome, G. intestinalis provides a good 
model system for the investigation of relic organelles, 
cellular differentiation and minimal cellular mecha-
nisms8,10. Reductive processes associated with a parasitic 
lifestyle are thought to be the main contributors to the 
minimal systems found in Giardia spp., but this simple 
organization may also reflect some evolutionarily basic 
characteristics.

This Review introduces the key characteristics of 
the cell differentiation, specific organelles and genome 
organization of G. intestinalis and then discusses the 
recent advances in our understanding of the host–
parasite interactions, pathophysiology and disease 
mechanisms in giardiasis.

Department of Cell and 
Molecular Biology, 
Biomedical Center, BOX 596, 
Uppsala University,
SE‑751 24 Uppsala, Sweden
Correspondence to S.G.S.  
e‑mail: staffan.svard@icm.
uu.se
doi:10.1038/nrmicro2317
Published online 19 April 2010

Cyst
The resistant, transmissive 
form of the giardial parasite.

Relic organelle
A cellular organelle that has 
evolved into a reduced form 
with fewer or novel functions.
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Abstract | The eukaryotic intestinal parasite Giardia intestinalis was first described in 1681, 
when Antonie van Leeuwenhoek undertook a microscopic examination of his own diarrhoeal 
stool. Nowadays, although G. intestinalis is recognized as a major worldwide contributor to 
diarrhoeal disease in humans and other mammals, the disease mechanisms are still poorly 
understood. Owing to its reduced complexity and proposed early evolutionary divergence, 
G. intestinalis is used as a model eukaryotic system for studying many basic cellular processes. 
In this Review we discuss recent discoveries in the molecular cell biology and pathogenesis 
of G. intestinalis.
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Excyzoite
A short-lived stage of the 
giardial parasite that initiates 
infection.

Trophozoite
The replicating, 
disease-causing form of the 
giardial parasite.

Cell differentiation
Cell differentiation in Giardia spp. involves two major 
developmental transitions: from the ingested, dormant 
cyst to the excyzoite to the trophozoite (a process known 
as excystation) and from the motile, replicating tro-
phozoite back to the infective cyst (a process known as 
encystation) (FIG. 1). Differentiation in G. intestinalis is 
among the simplest eukaryotic developmental processes 
known8, and it can be studied easily in vitro10.

Excystation. The parasite uses a time-release capsule 
strategy for transmission. Outside the host the parasite 
is encapsulated in a hardy cyst wall (consisting of 60% 
carbohydrate and 40% protein) that protects it from 
hypotonic lysis in the environment (FIG. 1). The parasite 
in the cyst is dormant, and its metabolism is downregu-
lated11. Following ingestion, the cyst becomes metaboli-
cally active and undergoes excystation. However, little is 
known about the molecular mechanisms regulating this 
rapid differentiation process, which takes place in only 
15 minutes12. Excystation is initially triggered  by host 
stomach acids, and the cyst then passes into the small 
intestine before rupturing. Flagella first appear through 
an opening in one of the poles of the cyst, followed by 
the excyzoite body13 (FIG. 1). Cysteine proteases, released 
from the lysosome-like peripheral vesicles, are thought 
to have an important role in this process by degrading 
the cyst wall from the inside14. The liberated excyzoite 
undergoes cytokinesis twice without intervening  
s phases, finally producing four trophozoites15 (FIG. 1). 
During this division process, the excyzoite increases its 
metabolism and gene expression, segregates organelles, 
upregulates proteins associated with motility and 
assembles the adhesive disc, an attachment organelle 
specific to Giardia spp.11,16. The adhesive disc functions 
as a suction cup and binds surfaces nonspecifically16. 
Ca2+ signalling and the phosphorylation and dephos-
phorylation of key proteins are important in the coor-
dination of excystation17–20, as inhibition of calmodulin18 

and protein kinase A (PKA)20 block this developmental 
programme. Gene expression changes occur during 
excystation12, but very few of these excystation-regulated  
genes have been identified. A study of gene expression 
changes during differentiation using serial analysis of 
gene expression (sAGE) has recently been completed 
(see Giardia DB) and has identified several new stage-
specific genes expressed in various stages of the giardial 
life cycle, including excystation. Genes that change their 
expression during excystation regulate protein degrada-
tion (for example, proteasome subunits and cathepsins), 
the cytoskeleton (for example, α-tubulin, β-tubulin and 
median body protein) and mitosis (for example, kinesin 5,  
mAD2, mob1 and cell division cycle 14A (CDC14A)). 
This fits with the fast reassembly of the cytoskeleton and 
fast cell division seen during early excystation. many of 
the regulated genes are hypothetical genes specific for 
Giardia spp., and it will be of great interest to determine 
their functions.

The trophozoite is the disease-causing stage and has 
a shape resembling a pear bisected lengthwise (FIG. 2a). 
The flat side is the ventral surface and the convex side 
is the dorsal surface. The trophozoite of G. intestinalis is 
about 12–15 μm long and 5–9 μm wide. In comparison 
with other eukaryotes, Giardia spp. are unusual in that 
they have two nuclei (FIG. 2a) and lack mitochondria,  
peroxisomes and a typical Golgi apparatus. The cytoskel-
eton includes a median body, four pairs of flagella (the 
anterior, ventral, posterior/lateral and caudal flagella) 
and the adhesive disc (FIG. 2a). The median body has 
no known function, but its location gives the parasite 
the characteristic ‘smile’ that is seen after staining with 
Giemsa (FIG. 2a). The flagella and adhesive disc are com-
posed of classical cytoskeleton proteins like α-tubulin 
and β-tubulin along with proteins from the giardin 
family (α-giardin, β-giardin, γ-giardin and δ-giardin), 
which is a family unique to Giardia spp.16,21,22. The para-
site is dependent on high mobility and a strong attach-
ment to the enterocytes in the upper small intestine to 
avoid peristaltic elimination, and this is accomplished 
by the adhesive disc and the flagella23.

Encystation. Encystation is a long differentiation 
process that results in transformation of the motile 
trophozoite into the non-motile, infective cyst (FIG. 1). 
This process is induced in response to host-specific 
factors such as high levels of bile, low levels of cho-
lesterol and a basic pH (reviewed in REF. 10). Early in 
encystation the trophozoite’s flagella start to be inter-
nalized (FIG. 1). The parasite loses the ability to attach 
to the intestinal epithelium owing to fragmentation 
of the adhesive disc16, and the differentiating parasite 
gradually rounds up and enters hypometabolic dor-
mancy11. ultrastructural observations of G. intestinalis  
cysts24–26 revealed a thick cyst wall and an enclosed 
excyzoite with four nuclei, ribbon-like microtubule 
structures extending from the disassembled adhesive 
disc, and flagella in the centre (FIG. 2b). The Giardia 
spp. cyst wall is highly insoluble owing to strong inter-
actions between the carbohydrate chains as well as 
between the cyst wall sugars and the cyst wall proteins 

 Box 1 | Phylogeny of the genus Giardia and other diplomonads

Diplomonads (for example, the genera Giardia, Spironucleus, Trepomonas and 
Hexamita) were thought to form one of the earliest diverging lineages of the 
eukaryotes115. They were described as ‘biological fossils’, as these eukaryotes have 
many peculiarities (including two nuclei, a different genetic code and a lack of aerobic 
mitochondria; they were also thought to lack nucleoli) and have retained properties of 
bacteria and archaea23. However, advances in genomics, molecular phylogenetics and 
cell biology during the past decade strongly suggest that this view is incorrect116,117.  
The current interpretation of the phylogeny of eukaryotes lends no support for 
diplomonads being the earliest eukaryotic branch116,117. Diplomonads have a sister 
group relationship to parabasalids, and these two groups are now classified in the 
eukaryotic supergroup Excavata116. Furthermore, diplomonads seem to have all of  
the features that were once thought to be lacking in these ‘primitive’ eukaryotes, 
including mitosomes54 (which are organelles with mitochondrial ancestry), 
intron-containing genes118 and nucleoli68. The bacterial properties of these organisms 
(for example, the metabolic pathways) are probably the result of lateral gene 
transfers72,119. Much genetic and biological variation also exists in diplomonads. For 
example, the genera Spironucleus, Trepomonas and Hexamita form a monophyletic 
clade that excludes the genus Giardia in phylogenetic trees, and species of these three 
genera use an alternative genetic code119 in which TAA and TAG encode glutamine 
instead of being stop codons.
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(CWPs)26. To date, three CWPs have been identified 
(CWP1, CWP2 and CWP3), all of which contain 
leucine-rich repeats and have positionally conserved 
cysteine residues27–29. A fourth protein, high-cysteine 
non-variant cyst protein (HCNCp), has been shown 
to be associated with the cyst wall30. It resembles the 
variant-specific surface proteins (vsPs)30,31 from 
Giardia spp., with its repeated CXXC motifs, and 
it localizes mainly to the surface of the excyzoite. 
The cyst wall is 0.3–0.5 μm thick and is lined by a 
double inner membrane26 (FIG. 2b). The filamentous 
outer portion of the cyst wall is 60% carbohydrate, 
most of which is β(1-3)-N-acetyl-d-galactosamine32. 
The cyst wall sugars are synthesized de novo from 
endogenous glucose through an inducible pathway 
of five enzymes (namely, glucosamine-6-phosphate 
N-acetylase, phospho-N-acetylglucosamine mutase, 
uridine-diphospho-N-acetylglucosamine pyrophos-
phorylase, uridine-diphospho-N-acetylglucosamine 

4-epimerase and glucosamine-6-phosphate isomer-
ase, the rate-limiting enzyme), which are transcrip-
tionally as well as allosterically upregulated during 
encystation33,34. Only 65 base pairs (bp) of upstream 
promoter sequence is needed for encystation-specific 
expression of each of the encystation-specific genes 
that have been studied to date33,35, and these promoter 
regions contain binding sites for the transcription 
factor myb2 (REFS 36,37). Furthermore, overexpres-
sion of myb2 results in an increased expression of 
encystation-specific genes37. In addition, a GARP-like 
protein, a WRKY-like protein and an AT-rich inter-
action domain (ARID) protein have been shown to 
bind to the CWP promoters38–40. GARP, WRKY and 
ARID proteins regulate differentiation and dormancy 
responses in plants38–40, and myb proteins regulate dif-
ferentiation of human stem cells41. Therefore, several 
different transcription factors, the homologues of 
which have roles in regulating development in animals 
and plants, bind and regulate encystation-specific  
genes in Giardia spp.

Early in encystation, the synthesis of CWPs leads to 
the formation of new, large encystation-specific vesicles 
(Esvs)42. It has been suggested that Esvs are unique, 
developmentally regulated Golgi-like organelles that 
are dedicated to the maturation and export of CWPs43. 
Homologues of proteins that are involved in the regula-
tion of protein transport in higher eukaryotes (namely, 
the small GTPases sar1, Rab1A and ADP-ribosylation 
factor (Arf1) (REF. 44), dynamin-like protein (DlP)45, the 
clathrin heavy chains, YIP, β-COP, Rab11 (REF. 46) and 
different sNAP receptors (sNAREs)47) have been shown 
to be important in this maturation and export proc-
ess. several enzymes are needed for post-translational 
modifications of the CWPs; these are protein disulphide 
isomerases48, cysteine proteinases49,50 and a Ca2+-binding 
granule-specific protein51. Proteasomes localize close to 
the Esvs early during encystation and have been sug-
gested to be involved in the maturation of Esv cargo52. 
Recent morphological studies suggest that Esvs may 
be a common mechanism for the maturation, trans-
port and deposition of cyst wall components in proto-
zoan parasites25, as similar structures have been seen in 
Entamoeba invadens and Acanthamoeba castellani. The 
importance of conserved protein transport factors in  
giardial Esv regulation implies that further studies  
in Giardia spp. will tell us much about the evolution of 
the protein transport system in eukaryotic cells.

The mitosome
For a long time, G. intestinalis was seen as a ‘living 
fossil’ (BOX1), owing to its poorly developed mem-
brane system, its lack of introns, its presumed lack of 
nucleoli and its bacterial-like metabolism, with key 
metabolic enzymes having been introduced into the 
giardial genome through lateral gene transfer from 
bacteria (reviewed in REF. 23). The apparent absence of 
mitochondria reinforced this view and suggested that 
Giardia spp. had diverged before the acquisition of this 
organelle. However, the discovery of a chaperonin 60 
homologue (Cpn60) that is encoded in the G. intestinalis  

Figure 1 | life cycle of Giardia intestinalis. Giardial cysts are exposed to gastric acid 
during their passage through the host’s stomach, triggering excystation. This entails a 
rapid differentiation of cysts into vegetative trophozoites via the short-lived excyzoite 
stage. The excyzoite is different from the trophozoite in that it has not yet assembled the 
adhesive disc and it contains four tetraploid nuclei. The excyzoite divides twice, without 
DNA replication between the divisions, giving rise to four trophozoites containing two 
diploid nuclei each. Trophozoites attach to the intestinal epithelium with the adhesive 
disc and divide with a generation time of 6–12 hours in vitro. Trophozoites start to encyst 
in vivo when they migrate to the lower part of the small intestine. Encystation can be 
divided into an early phase and a late phase. In the early phase, trophozoites round up 
and encystation-specific vesicles become visible. These vesicles selectively transport the 
cyst wall proteins to the cyst wall. Furthermore, during encystation the adhesive disc 
disassembles into four crescent-shaped structures that are kept in the cytoplasm. The 
cell undergoes DNA replication but then exits the cell cycle at the G2 stage, to give a cell 
containing two tetraploid nuclei. During late encystation, these nuclei divide (giving four 
diploid nuclei) and the DNA is replicated once more, generating cysts with four nuclei 
and a ploidy of 16n. The cysts have a lower metabolic rate than the trophozoites and are 
highly resistant to environmental factors, being able to survive for several weeks in cold 
water outside the host.
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tetra-iron centre that can exist 
in one of several oxidation 
states..

nuclei53 challenged the long-held view that Giardia spp. 
are primarily amitochondriate, and the organellar list 
of Giardia spp. was expanded in 2003 with the discov-
ery of the mitosome54. It was shown that assembly of  
Fe–S clusters is compartmentalized in Giardia spp. by the 
localization of Fe–s centre synthesis subunit s (Iscs), a 
cysteine desulphurase, and the metallochaperone Iscu 
to elongated, double-membraned structures that are 
approximately 140 × 60 nm in size54. The number of 
these mitosomes varies from 25 to 100 per cell, with dis-
tinct accumulation at the basal bodies and at the bases of  
the flagellar axonemes. There seem to be two types  
of mitosomes in Giardia spp.55,56: the peripheral mito-
somes, which are scattered throughout the cytoplasm, 
and the central mitosomes  (FIG. 2a).

To date, ten proteins have been shown to localize 
to giardial mitosomes. These are involved in either 
the biosynthesis of Fe–s clusters (namely, Iscu, Iscs, 
IscA, glutaredoxin and ferredoxin) or the biogenesis 
of organelles (namely, Pam18, mitochondrial-type heat 
shock protein 70 (mtHsP70), Cpn60, a-mitochondrial 
protein-peptidase-like protein (GPP) and translocase of 
the mitochondrial outer membrane 40 (Tom40))54,55,57–59. 
In addition, the sNARE protein Qb3 (also known as 
putative sec20) was localized to vesicular structures that 
are highly reminiscent of mitosomes47, but the localiza-
tion of Qb3 needs to be substantiated with verified mito-
somal markers. In higher eukaryotes, proteins carrying 
a presequence are processed by a heterodimeric enzyme 

called mitochondrial processing peptidase (mPP) on 
their delivery to mitochondria57. GPP, the protease 
responsible for presequence removal after delivery to 
mitosomes in Giardia spp., cleaves only mitosomal 
presequences and is not capable of processing mito-
chondrial and hydrogenosomal presequences57,58. This 
probably reflects the co-evolution of the processing 
peptidases and presequences in the different organisms. 
However, mitosomal presequences can target proteins  
to hydrogenosomes in Trichomonas vaginalis58 and even to  
human mitochondria55, suggesting that the general 
mitochondrial targeting system existed in the last com-
mon ancestor of eukaryotes60. Progress has been made 
in elucidating the nature of the mitosomal import sys-
tem in Giardia spp. The G. intestinalis homologue of 
the Pam18 subunit of translocase of the mitochondrial 
inner membrane 23 (Tim23) has been localized to mito-
somes, together with mtHsP70. Recently, evidence for a 
mitosomal outer-membrane translocase was obtained61. 
This identification of a Tom40 homologue in G. intes-
tinalis convincingly shows the mitochondrial ancestry 
of the mitosome, as this translocase component has no 
known homologues in bacteria or archaea60. Further 
components of the Giardia spp. mitosomal translocases 
remain elusive, as bioinformatic screens have failed to 
reconstruct the mitosomal import machinery in these 
species57,60, and it remains to be seen how proteins are 
transported into and out of the giardial mitosome.

Giardia assemblages
Genetic studies of G. intestinalis isolates recovered from 
infected humans show that they fall into two main genetic 
groups or assemblages, called A and B62, which have 
an average amino acid identity of only 78% in coding 
regions. Assemblage A isolates are the best studied, but 
recent epidemiological data suggest that assemblage B  
isolates can be more common in humans worldwide62. 
These two assemblages are found in other animals 
as well, such as livestock, cats, dogs and rats. Other 
G. intestinalis isolates that are genetically distinct from 
the human-associated assemblages A and B are found 
in a range of animals; these isolates are grouped into as 
assemblages C–G62. Parasites belonging to assemblages C  
and D have been identified in dogs, wolves, coyotes and 
cats; isolates from assemblage E have been found in cat-
tle, sheep, pigs, goats and water buffaloes; assemblage F 
parasites have been identified in cats; and assemblage G  
isolates have been found in rats. There is an ongoing 
debate regarding a reclassification of the G. intestinalis 
assemblages into separate species62,63. Current genome-
sequencing projects and phenotypic studies of new  
isolates will add substantial information to this debate.

The nuclei and genomes of Giardia spp.
Giardia spp., like all diplomonads, have two nuclei. 
These nuclei have been shown to be equivalent in size 
and in the amount of DNA that they contain, and both 
nuclei are transcriptionally active64,65. DNA replication 
is initiated almost simultaneously in each nucleus65,66. 
However, a few studies suggest that there are differences 
between the nuclei. Aneuploidy between the two nuclei 

Figure 2 | Key features of the giardial trophozoite and cyst. a | The giardial 
trophozoite measures 12–15 μm in length and 5–9 μm in width. The trophozoite is shown 
here viewed dorsally. There are eight flagella organized in four pairs: the anterior flagella 
(AF), ventral flagella (VF), posterior/lateral flagella (PLF) and caudal flagella (CF); dashed 
lines indicate internal structures. The basal bodies are the sites from which the flagella 
originate. The median body is a microtubular structure of unknown function. The adhesive 
disc is a large, rigid attachment structure composed of microtubules. There are several 
central and peripheral mitosomes in the cell. Peripheral vesicles are lysosome-like 
vesicles that lie beneath the plasma membrane throughout the cell. b | In the cyst,  
the cyst wall and an inner layer consisting of two membranes protect the parasite. 
Giardial cysts are non-motile and oval shaped, and they measure 8–12 μm long by 7–10 μm 
wide. The outer cyst wall is 0.3–0.5 μm thick and is composed of a network of filaments 
ranging from 7 to 20 nm in diameter. This wall is mainly composed of N-acetylgalactosamine  
and three different cyst wall proteins (CWP1, CWP2 and CWP3). The adhesive disc and the 
flagella are disassembled and stored in the parasite. The cyst has four tetraploid nuclei. 
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(that is, differences in chromosome number) seems to 
occur in certain isolates66. Furthermore, in studies of 
the nuclear envelope of G. intestinalis, it was observed 
that the two nuclei are distinct in their number and 
distribution of nuclear pores67. The giardial nuclei 
were initially thought to lack nucleoli, but a nucleolar 
compartment was identified in each nucleus (FIG.2a) by 
localizing several nucleolar markers68. Expression of 
the small nucleolar RNA (snoRNA) GlsR17 was found 
to occur primarily in only one nucleolus69. The GlsR17 
RNA was shown to be a microRNA (miRNA) precursor, 
and this was the first report of miRNA production from 
a snoRNA. Having two nuclei with asymmetric gene 
expression gives Giardia spp. unique possibilities for the 
regulation of gene expression, and this could be one of 
the reasons for the presence of two nuclei in diplomon-
ads. Further studies are likely to reveal other differences 
between the nuclei.

In the vegetative giardial trophozoite, each nucleus 
cycles between a diploid and a tetraploid state. 
Therefore, the whole cell cycles between a ploidy of 
4n and 8n15. In each cell cycle, both diploid nuclei 
divide to form four diploid nuclei, which are parti-
tioned equationally  in mitosis (that is, each daugh-
ter cell recieves one old and one new nucleus), with 
the left–right asymmetry being maintained during 
division65. Each progeny thus receives one copy of 
each parental nucleus. Giardia spp. have a semi-open 
mitosis, in which the microtubules from the mitotic 
spindles penetrate the nuclei through openings in 
the nuclear envelopes without complete nuclear dis-
assembly. Another difference from mitosis in higher 
eukaryotes is the extended telophase that slows down 
cytokinesis70. After stimulation of encystation, the cell 
exits from the cell cycle in the G2 stage after a round of 
DNA replication71. During the end of encystation the 
cell replicates the DNA again, giving rise to a cyst with 
four tetraploid nuclei15.

Pulsed-field separations of chromosomal DNA 
from different G. intestinalis isolates have identified five 
major chromosomes23. The genome of the assemblage A  
parasite G. intestinalis str. WB clone 6 was recently 
sequenced72, and the structurally compact 11.7 mb 
genome was found to contain 6,470 ORFs with a mean 
intergenic distance of 372 bp. serial analysis of gene 
expression (sAGE) and cDNA sequences provided tran-
scriptional evidence for 4,787 of these ORFs. Recently, 
454 sequencing to 16 × coverage was carried out for the 
assemblage B isolate G. intestinalis str. Gs clone H773, 
which is the only G. intestinalis isolate that has been 
used to experimentally infect both animals and humans 
successfully74,75. The two genomes have 78% nucleotide 
and amino acid identity in protein-coding regions. The 
main differences were seen in the large gene families 
encoding vsPs, NEK kinases and high-cysteine mem-
brane proteins (HCmPs)73, and the vsP repertoires 
seem to be completely different in the two isolates73. 
Comparative analysis identified 28 protein-coding 
genes unique to G. intestinalis str. Gs clone H7 and  
3 unique to G. intestinalis str. WB clone 6 that are not 
part of large gene families. several of the unique genes 

have bacterial origins. It will be interesting to see what 
role these genetic differences have during infection 
and whether they can explain some of the phenotypic 
differences between assemblage A and assemblage B 
isolates. Although the haploid genome size and the 
total number of ORFs are similar in G. intestinalis 
and Saccharomyces cerevisiae, many eukaryotic proc-
esses seem to be less complex in the diplomonad than 
in the yeast72,73. Analyses of the genome indicate that 
G. intestinalis has genes for rudimentary forms of many 
cellular processes, with fewer subunits present in sim-
plified cellular machineries, as well as a limited meta-
bolic repertoire with many bacterial-like enzymes that 
were introduced by horizontal gene transfer72,73. such 
simplified cellular machineries include those involved 
in DNA synthesis and transcription, RNA processing, 
cytoskeletal function and cell division72,73. The reduced 
complexity is useful when G. intestinalis is used as a 
model system, as proteins that are essential for a cer-
tain process can be identified easily using bioinfomat-
ics. In addition, alternative proteins that substitute for 
missing proteins can be identified using biochemical 
approaches, and their functions can be studied. The 
unusual composition of these basic giardial machiner-
ies can be used in the development of new drugs to 
treat giardial infections.

Sex in Giardia spp.
The allelic sequence heterozygosity (AsH) is surprisingly 
low (< 0.01%) in the tetraploid G. intestinalis str. WB 
clone 6 genome72. However, analyses of faecal cysts sug-
gest that the levels of AsH vary in different assemblages, 
as heterogeneous sequencing profiles are much more 
common in isolates from assemblage B and assemblage E  
than in those from assemblage A62,76,77. This was verified 
after sequencing the genome of G. intestinalis str. Gs  
clone H7 (REF. 73), which revealed a higher level of over-
all AsH (0.5%) than is seen in G. intestinalis str. WB 
clone 6. Furthermore, in assemblage A isolates it seems 
as if genotype A1 (which includes G. intestinalis str. WB  
clone 6) has much lower AsH than genotype A2 (REF. 76). 
This low level of AsH is unusual for an asexually repro-
ducing organism with a polyploid genome and can indi-
cate that some sort of genetic exchange takes place in 
and between trophozoites.

Recombination and DNA repair are means of 
maintaining a low level of AsH, and the question  
of whether Giardia spp. are capable of sexual repro-
duction has been raised. sexual reproduction has 
never been observed in Giardia spp., but this could 
be explained by extremely infrequent, furtive or cryp-
tic sexual reproduction. It has been suggested that 
differentiation in Giardia spp. resembles meiosis15, 
and in other organisms AsH can be reduced dur-
ing meiosis. several studies have used a comparative 
genomics approach to survey the G. intestinalis str. 
WB clone 6 genome for genes that are known to be 
involved in meiosis in other eukaryotes78,79. These 
studies identified giardial homologues for 21 of the 
29 eukaryotic genes that are known to have a role in  
meiotic recombination.

Allelic sequence 
heterozygosity
The sequence difference 
between different alleles of  
the same gene.
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It has been claimed that this is evidence that sex-
ual reproduction occurs in Giardia spp.80, but this 
issue is complicated by the fact that many of the genes 
involved in meiotic recombination also participate in 
non-meiotic processes, and a few important meiotic 
proteins (such as muts homologue 4 (msH4), mutl 
homologue 3 (mlH3), meiotic recombination protein 8 
(REC8) and sister chromatid cohesion protein (PDs5)) 
were not found79. The identification of recombination 

between assemblage A2 isolates76 cannot be considered 
proof of giardial sexual reproduction, as it is not known 
how and when that recombination event occurred. 
Fluorescent in situ hybridization (FIsH) with probes to 
an episomal plasmid was used to determine whether 
genetic exchange occurs between the different nuclei 
(a process termed ‘diplomixis’) during encystation81. 
This work showed that episomes that are present in 
only one of the two nuclei in the starting trophozoite 
can transfer between the nuclei during encystation. 
Nuclei with joined nuclear membranes were observed 
in encysting cells using electron microscopy81, but it is 
not know whether these are the result of nuclear fusion 
or interrupted nuclear division during encystation. 
Proteins involved in meiotic recombination are present 
in the nuclei at this stage but not in trophozoite nuclei81. 
Further studies will show whether homologous chromo-
somes in different nuclei recombine during encystation 
and whether this can reduce AsH.

Antigenic variation
Both innate and adaptive immune responses are 
important for controlling giardial infections82. specific 
antibody production correlates with clearance of the 
parasite, and there is a higher frequency of symptomatic 
infections in hypogammaglobulinaemic patients82. In 
mice, it has been shown that antibodies are needed for 
clearance late in infection and that secretory immuno-
globulin A is the most important antibody isotype82. 
several protozoan pathogens undergo antigenic varia-
tion, which is a mechanism for evasion of the humoral 
immune response of vertebrate hosts. In Giardia spp., 
this is achieved by the on–off switching of the expres-
sion of genes encoding vsPs, which are cysteine-rich 
surface proteins83. Antigenic variation was shown to 
occur in G. intestinalis in the late 1980s, both in vitro84 
and in vivo85, and the first complete sequence of a vsP 
(TsA417) was obtained in 1990 (REF. 86). The vsP fam-
ily comprises a repertoire of approximately 200 genes72 
in isolates of the two human-infecting assemblages  
(A and B), although no identical vsPs are found in the 
two assemblages72,73. The vsPs range in size from 20 
to 200 kDa72,83 and have variable amino termini and 
conserved carboxyl termini (FIG. 3b). The entire surface  
of a giardial cell is covered with vsPs, the expression of  
which is thought to be mutually exclusive, except dur-
ing vsP switching and differentiation83,87, when sev-
eral vsPs are simultaneously expressed. switching 
has been reported to occur spontaneously every 6 to 
13 generations, although this is dependent on the iso-
late, the growth conditions and the specific vsPs being 
expressed88. Certain vsPs seem to be selected for and 
others are selected against in immunodeficient hosts89 
and when the pathogen is under antibiotic pressure90, 
suggesting that factors other than the adaptive immune 
response also affect vsP expression.

In addition to being the main tools for immune eva-
sion, vsPs are also involved in cellular signalling. Certain 
vsPs are specifically palmitoylated91,92 on the cysteine 
residue and citrullinated93 on the arginine residue in the 
conserved CRGKA carboxy-terminal motif, located in 

Figure 3 | Antigenic variation in Giardia spp. a | The giardial trophozoite. b | Variant- 
specific surface proteins (VSPs) cover the whole surface of the trophozoite, producing  
a dense coat. Normally, only one type of VSP is found on the trophozoite surface, except 
during differentiation and during the switching that occurs every 6–13 generations. In  
a population of parasites, one VSP usually dominates, but a few parasites express other 
VSPs. VSPs vary in size from 20 to 200 kDa, and the cysteine content is around 11–12%, 
most of which is found in numerous CXXC motifs (orange boxes) that build up disulphide 
bonds. The most variable portion of VSPs is the amino terminus (labelled as the variable 
domain (VD)), and this portion seems to be at the interface between the parasite and its 
environment. The extracellular domain closest to the membrane is a semi-conserved 
domain (SCD) and contains one or two GGCY motifs (red boxes). All VSPs have a 
conserved, cytoplasmatic carboxyl terminus with a hydrophobic tail that ends in the five 
hydrophilic amino acids CRGKA. The CRGKA motif can be modified by palmitoylation of 
the cysteine residue and by citrullination of the arginine residue. c | The level of histone 
modification (red circles) in the promoters of the vsp genes affects vsp transcription. vsp 
mRNAs can also be post-transcriptionally processed by the RNA interference machinery 
(including RNA-dependent RNA polymerase (RdRp), Dicer and Argonaute (AGO)) and 
microRNAs (such as miR2).
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the invariant cytoplasmic tail (FIG. 3b). Palmitoylation of 
vsPs helps to regulate the segregation of the proteins to 
domains on the plasma membrane that are detergent-
resistant92 (so-called ‘lipid rafts’). Interference with the 
palmitoylation reaction excludes vsPs from lipid rafts 
and the parasite becomes less sensitive to cytotoxic 
vsP-specific antibodies92. Citrullination of the CRGKA 
arginine residue by arginine deiminase (ADI) is impor-
tant for the vsP switching mechanism93, as mutation of 
this residue affects the switching frequency.

molecular mechanisms involved in the regulation 
of antigenic variation in Giardia spp. have been inves-
tigated intensively for the past two decades, but our 
knowledge about them is limited. There is no evidence 
of gene rearrangements, of sequence alterations to the 
DNA, of DNA modifications along with the presence 
of expression-linked copies, or of telomere-linked tran-
scription requirements, all of which have been linked 
to antigenic switching in Trypanosoma brucei and 
Plasmodium falciparum94. However, a few recent reports 
have shed light on this topic.

It has been suggested that epigenetic mechanisms 
are involved in vsP regulation, on the basis of the fact 
that vsP expression is not associated with either gene 
movement or chromosome changes in the immediate 
upstream region95. Instead, it has been proposed that 
chromatin-mediated transcriptional silencing can be 
reversed by modification of histones and that there may 
be a direct dependence of vsP expression on histone 
acetylation (FIG. 3c).

Post-transcriptional silencing of vsp genes through 
a miRNA-mediated mechanism has been proposed to 
regulate vsP expression, as a miRNA from the GlsR17 
snoRNA (miR2) is complementary to the 3′ untrans-
lated regions of several vsp mRNAs69 (FIG. 3c). Post-
transcriptional gene silencing of vsp transcripts through 
RNA interference (RNAi) has also been proposed96 (FIG. 3c).  
In this study, simultaneous transcription of most vsPs in  
the genome was confirmed through nuclear run-on 
assays. Knockdowns of G. intestinalis Dicer97 and RNA-
dependent RNA polymerase led to the expression of 
multiple vsPs on the trophozoite surface. A success-
ful downregulation of Argonaute was not achieved, so 

its effects on the regulation of vsP expression have not 
been evaluated in vivo as yet. However, the silencing 
machinery in G. intestinalis was shown to specifically 
process vsp RNAs in vitro96. It is possible that chromatin 
modification and post-transcriptional processes work 
in concert to regulate vsP expression. Parasites with 
deregulated expression of vsPs express most of the vsP 
repertoire, and it has been suggested that these proteins 
would be good vaccine targets96. It remains to be seen if 
this vaccination concept will work for Giardia spp. and 
other protozoans that undergo antigenic variation.

The molecular mechanisms of giardiasis
Efficient colonization of the upper intestinal tract by 
Giardia spp. is dependent on both the host and the 
strain of the infecting pathogen, as seen in experimen-
tal human infections75. Factors associated with disease 
outcome include the host’s clinical and nutritional 
status, age and immune responses82. The immune 
response involves mast cells, B cells, T cells, dendritic 
cells, immunoglubulin A and nitric oxide (reviewed 
in REF. 82). very few virulence factors have been iden-
tified in Giardia spp. (TABLE 1), but the main factors 
identified to date are the adhesive disc and the four 
flagella, together with differentiation and the vsP 
proteins. several mechanisms have been proposed 
to be important for the induction of symptoms dur-
ing a giardial infection, and the cause of giardiasis is 
probably multifactorial (TABLE 2). However, many dif-
ferent systems were used in the various studies of the 
disease, and it is difficult to compare the results. Early 
studies (reviewed in REF. 4) suggested several different 
disease mechanisms, including direct damage by the 
parasite, mucosal inflammation after infiltration of 
lymphocytes and mast cells, bile salt deconjugation and 
uptake, inhibition of trypsin and inhibition of brush-
border enzymes. Furthermore, increased gastrointesti-
nal transit and increased smooth-muscle contractility 
have been demonstrated98,99. Recent data have pointed 
towards a role for apoptosis5,100–102. microarray analyses 
of the effects of G. intestinalis on differentiated Caco-2  
cells indicated that apoptosis was induced in the host cells  
during interaction with the pathogen100. lysates from 

Table 1 | The major virulence factors of Giardia spp.

Function Virulence factor references

Attachment The ventral adhesive disc and surface lectins enable attachment 
to and colonization of the intestinal endothelium

16,120

Circumvention of the natural factors 
of the intestinal lumen

Flagellar motility enables re-localization to new endothelial 
cells during colonization, and VSPs potentially help to protect 
against luminal proteases, oxygen and free radicals

23,96

Antigenic variation VSP on the trophozoite surface switches to avoid IgA-directed 
clearance

23,83

Alteration of host innate defences Released arginine deiminase and other Giardia spp. products 
downregulate epithelial production of nitric oxide

82,105,106

Anti-inflammatory modifications Unknown trophozoite products have anti-inflammatory roles 5,82

Survival in stomach acid and the 
external environment

Differentiation into cysts 10

IgA, immunoglobulin A; VSP, variant-specific surface protein.
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Intrinsic pathway
An apoptotic pathway in  
which the crucial step is the 
permeabilization of the outer 
mitochondrial membrane.

Extrinsic pathway
An apoptotic pathway that is 
mediated by the binding of  
an extracellular ligand to a 
transmembrane receptor.

different strains have been shown to have different 
abilities for inducing apoptosis, and proteolytic activi-
ties from the parasite are involved in this process102,103. 
live G. intestinalis trophozoites induce apoptosis in 
host enterocytes by both the intrinsic pathway and 
the extrinsic pathway104. Two arginine-metabolizing 
enzymes from G. intestinalis, ADI and ornithine  
carbamoyl transferase (OCT), are released on interac-
tion with host cells105. Cysteine proteinase activities also 
accumulate in the supernatant during co-incubation 
of G. intestinalis trophozoites with intestinal epi thelial 
cells106. Proteases are known to induce apoptosis, and 
ADI is an apoptosis-inducing virulence factor in 
streptococci and mycoplasmas5,105. Investigation of 
patients with chronic giardiasis indeed confirmed 
the induction of apoptosis in intestinal epithelial 
cells during human giardiasis101. Thus, the diarrhoea 
that occurs during infection is likely to be the result 
of an epithelial-barrier dysfunction that causes Na+ 
and glucose malabsorption and Cl– hypersecretion101. 
The maintenance of the host epithelial barrier also 
varies in a pathogen-strain-dependent manner, and 
although some infections do not cause tight junction 
alterations, many cause rearrangements of F-actin and 
α-actinin together with tight junction protein ZO-1 
disruption, lower levels of tight junction proteins and 
a resulting increased intestinal permeability101,103,107–109. 
most chronic giardiasis patients do not show major 
signs of inflammation or villus shortening, but an 
increase in the crypt/villus ratio can be observed110–112. 
Diffuse shortening of microvilli or local or wide-
spread depletion of microvilli in the infected region 
has been reported, depending on the infective giardial 
strain101,113,114. The effect of the pathogen on micro-
villi has been linked to CD8+ T cells, but the effector 
mechanisms remain unknown111. loss of microvilli 
reduces the overall mucosal surface by 75% in patients 
with giardiasis, according to human biopsy studies101. 
This results in the malabsorption of electrolytes, sol-
utes and water and the inhibition of brush-border 
enzymes4,5.

In conclusion, giardiasis is a multifactorial disease 
(the potential mechanisms of which are summarized 
in TABLE 2), and the mechanisms of disease comprise 
leak flux, malabsorptive and secretory components. 

However, we need to learn how different host– 
parasite factors interact in order to fully understand 
this disease.

Prospects for the future
much information about the molecular cell biology 
and infection biology of Giardia spp. has accumu-
lated during the past few years. However, this is only 
the start of an intensive research period that will see 
Giardia spp. being used as model systems to under-
stand genome function and evolution, gene expres-
sion, cell biology and intestinal immune responses. 
The genomes of several G. intestinalis isolates from 
different assemblages are being sequenced currently, 
and this will make it possible to develop methods for 
transfection, gene knockouts, functional genomics and 
gene expression studies. We think that this will rapidly 
turn the diplomonads into a model system represent-
ing a branch of eukaryotic diversity that is currently  
very poorly studied. This is needed to complement 
the more established model systems such as yeast and 
Caenorhabditis elegans, so that we can gain an under-
standing of the basic principles of the eukaryotic cell 
and the mechanisms of reductive evolution and adap-
tation that have resulted from the parasitic lifestyle of 
these diplomonads. Giardia spp. will also be important 
model systems for other pathogenic protozoa and for 
studies of mucosal immunity.

Table 2 | Proposed disease mechanisms in giardiasis

Disease mechanism references

Apoptosis of enterocytes 5,103,104

Loss of epithelial-barrier function 5,101,109

Hypersecretion of Cl– 101

Malabsorption of glucose, water and Na+ 5,101

Diffuse microvillus shortening 5,111

Immune reaction (involving mast cells, 
T cells, IgA and NO)

82,98,99

Inhibition of brush-border enzymes and 
trypsin

4

Interference with bile salt metabolism 4

IgA, immunoglobulin A.
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	Abstract | The eukaryotic intestinal parasite Giardia intestinalis was first described in 1681, when Antonie van Leeuwenhoek undertook a microscopic examination of his own diarrhoeal stool. Nowadays, although G. intestinalis is recognized as a major worldwide contributor to diarrhoeal disease in humans and other mammals, the disease mechanisms are still poorly understood. Owing to its reduced complexity and proposed early evolutionary divergence, G. intestinalis is used as a model eukaryotic system for studying many basic cellular processes. In this Review we discuss recent discoveries in the molecular cell biology and pathogenesis of G. intestinalis.
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	Figure 1 | Life cycle of Giardia intestinalis. Giardial cysts are exposed to gastric acid during their passage through the host’s stomach, triggering excystation. This entails a rapid differentiation of cysts into vegetative trophozoites via the short-lived excyzoite stage. The excyzoite is different from the trophozoite in that it has not yet assembled the adhesive disc and it contains four tetraploid nuclei. The excyzoite divides twice, without DNA replication between the divisions, giving rise to four trophozoites containing two diploid nuclei each. Trophozoites attach to the intestinal epithelium with the adhesive disc and divide with a generation time of 6–12 hours in vitro. Trophozoites start to encyst in vivo when they migrate to the lower part of the small intestine. Encystation can be divided into an early phase and a late phase. In the early phase, trophozoites round up and encystation-specific vesicles become visible. These vesicles selectively transport the cyst wall proteins to the cyst wall. Furthermore, during encystation the adhesive disc disassembles into four crescent-shaped structures that are kept in the cytoplasm. The cell undergoes DNA replication but then exits the cell cycle at the G2 stage, to give a cell containing two tetraploid nuclei. During late encystation, these nuclei divide (giving four diploid nuclei) and the DNA is replicated once more, generating cysts with four nuclei and a ploidy of 16n. The cysts have a lower metabolic rate than the trophozoites and are highly resistant to environmental factors, being able to survive for several weeks in cold water outside the host.
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