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Abstract

Two genotypes, assemblage A and B, of the pathogenic, gut protozoan parasite Giardia lamblia
infect humans. Symptoms of infection range from asymptomatic to chronic diarrhea. Giardia
chromosomes have long been characterized but not until the publication of the first Giardia
genome sequence was chromosome mapping work, commenced nearly two decades ago,
completed. Initial mapping studies identified and ordered Not | chromosome segments
(summating to 1.8 Mb) of the estimated 2 Mb chromosome 3. The resulting map was confirmed
with the release of the Giardia genome sequence which prompted revitalization of mapping. The
result is 93% of the WB isolate genome sequence assigned to one of five major chromosomes with
community access to these data made available through GiardiaDB, the database for Giardia
genomes.

Giardia: from disease to chromosomes

Giardia lamblia (synonymous with G. intestinalisand G. duodenalis), the cosmopolitan,
intestinal, flagellated protozoan parasite carpets the lining of the small intestine causing
erosion of microvilli with severe infections resulting in malabsorption [1]. Other symptoms
include diarrhea, bloating, nausea, loss of appetite, vomiting, cognitive impairment and
weight loss with chronic infections but may also be asymptomatic [1]. Environmentally
resistant cysts form as the trophozoite, the replicative stage, which move from the small
intestine through the large intestine [2], and infection (or re-infection) results following
ingestion of fecal cysts and excystation of trophozoites in response to stomach acid [2].

Giardia has proved to be a fascinating and amenable or ganism to study [3]. Originally
thought to be an ancient eukaryote which evolved prior to acquisition of mitochondria [4], it
is now generally agreed to have acquired and secondarily lost generalized mitochondrial
function with vestigial mitochondrial organelles termed mitosomes [5]. In addition it has
gained (by lateral transfer of genes from coexisting organisms [6]) the capacity to exist as a
microaerophile rather than an obligate anaerobe. There is some evidence for it being sexual
[7] including the presence of meiotic gene homologues [8] and recombination between
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assemblages [7]. However, the plasticity (variable genome structure) and aneuploidy
(uneven numbers of whole chromosomes or parts thereof) of its genome [9] are inconsistent
with Giardia being a conventional sexual organism. These latter characteristics complicated
interpretation of early genomic studies on chromosome number and identity as well as
variation among isolates. Nonetheless, the advent of pulsed field gel electrophoresis (PFGE)
for separating large DNA molecules up to 5 Mb (Figure 1) [10] and rapid large scale
sequencing techniques [11] have allowed a better understanding of the Giardia genome.
What has been missing until recently was the integration of PFGE data and the genome
sequence [12,13]. This review addresses how whole chromosome separation and publically
available Giardia genome sequence data were used to construct a working map of the
chromosomes of G. lamblia assemblage A isolate WB.

genome of G. lamblia

G. lamblia has five typically eukaryotic chromosomes capped with telomere repeats in its
two nuclei (Figure 1; Box 1) [9,14,15]. In addition to these five major chromosomes,
variable minor (in copy number) or accessory chromosomes are present [15]. These
accessory chromosomes appear to be duplications (or partial duplications) of major
chromosomes, in some cases carrying long rRNA gene arrays [16,17]. Two G. lamblia
assemblages (a term which has received strong support to describe two major groups of
genetically diverse isolates not confined to any geographic location [18]), A and B, infect
humans, with the best studied assemblage A isolate WB used to sequence the assemblage A,
11.7 Mb haploid genome (Box 1) [19,20]. Trophozoites, the replicative stage of the parasite,
are mostly tetraploid (four complete copies of the genome split between two nuclei) (Box 1)
[20,21] although there is considerable variation among different isolates and in content of
minor, or accessory chromosomes [22,23]. The ploidy (the number of complete genome
copies) is not uniform among isolates with some DNA sequences repeated more than others
including the long tandem repeats of rRNA genes located sub-telomerically at one end
(arbitrarily referred to here as the downstream end) of each chromosome [14,16,24-26]. The
accessory or minor chromosomes which are extremely variable in length may be duplicated
several fold, and are the location of long tandem rRNA gene arrays [9,16,17]. These rRNA
gene-carrying minor chromosomes also carry conserved regions [26]. However, the focus of
this review is the major WB Giardia chromosomes, the two smallest of which are of similar
size (1.5 Mb) and distinguished by two different collections of probes [22,27]. The
remaining three major chromosomes are clearly separated by PFGE as shown in Figure 1.

Each major chromosome downstream end comprises a sub-telomeric region termed telomere
gene unit (TGU), conserved arrangements of a cysteine-rich protein gene (or variable-
surface protein (VSP) gene [28]), protein kinase (gPK) and ankyrin (ANK) genes followed
by a highly conserved breakpoint into the LSTRNA gene (refer to Figure 2b) [9,14]. rRNA
genes and terminal telomere repeats, (TAGGG),, are separated by hyper-variable sequences
including transposable elements [29]. Each major chromosome carries rRNA gene
sequences at the downstream end only [16,17] but these may not constitute complete genes
[16] and therefore will not give rise to functional ribosomes; also, the number of rRNA gene
repeats on major chromosomes appears to be restricted to a maximum of four [14].
Telomeric repeat sequences are present at both ends of major chromosomes [16,17].
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Physical mapping of the genome

It is relatively routine to visualize ethidium bromide stained, PFGE separated Giardia
chromosomes [23], but compilation of a physical chromosome map (the complete
chromosome sequence) is much more difficult. These days, optical mapping is the method
of choice for mapping chromosomes [30]. This technique uses fluorescence microscopy to
produce high-resolution restriction maps rapidly by directly imaging restriction digestion
cleavage events occurring on single deproteinized DNA molecules. Ordered maps are then
constructed by noting fragment order and size. Nevertheless, two decades ago generation of
a collection of chromosome-specific markers derived from cloned DNA was the basis of
chromosome mapping. Such markers were used, initially, to map 13 Not | segments (totaling
1.8 Mb) of the 2 Mb chromosome [31]. When the genome sequence of WBC6 (a cloned line
of the WB isolate) was released and the Giardia genome database (GiardiaDB) was made
available at http://www.giardiadb.org [32], the 2 Mb chromosome map, with the help of one
representative probe sequence from each Not | segment [13,31] (GenBank accession
numbers L49329-1L49335) was confirmed, and this inspired further mapping [12]. The 2 Mb
and the other chromosomes have been variously numbered in the literature (Box 2).
Compilation of the chromosome sequence maps has used other resources in conjunction
with GiardiaDB and the role of three key restriction enzymes, Xbal, I-Ppo | and Not I, and a
collection of chromosome-specific probes [9,12,13,22,33] in mapping G. lamblia isolate
WB chromosomes are described below. The strategy used to map the chromosomes is
outlined in Box 3.

Xbal, rRNA arrays and minor chromosomes

Sequence analysis of the VSP, gPK and ANK genes (constituting the TGU blocks) and
rRNA genes revealed no sites for the restriction enzyme Xba I, which recognizes the 6 bp
sequence TCTAGA [14,24]. Thus, Xba I-cleaved G. lamblia chromosomes maintain sub-
telomeric regions including VSP, gPK, ANK, rRNA genes and telomeric repeat sequence
intact [9,14]. The most downstream Xba | site in all chromosomes is located upstream of the
TGUs [9,14]. Thus Xba | cleavage of intact Giardia chromosomes results in bands of sub-
telomeric sequences including rRNA genes [14]. Long arrays of rRNA genes are apparent
following rRNA gene hybridization of Xba I cleaved chromosomes with shorter rRNA gene
sequences associated with the major chromosomes [14]. Telomere repeats do not appear to
be associated with the long arrays of rRNA genes found on accessory chromosomes [14]. It
has been proposed that the lack of telomere repeats and their replacement by transposable
elements (or rRNA genes, for example) leads to length instability (see Ref. [14]) possibly
explaining the instability of minor accessory chromosomes.

I-Ppo | defined the downstream end of Giardia chromosomes

I-Ppol is a rare-cutting intron-encoded endonuclease isolated from Physarum polycephalum.
It has a 13 to15 bp recognition sequence which appears to be conserved in the LSTRNA

genes of higher eukaryotes [34]. In G. lamblia it also cleaves the LSrRNA gene once, and as
previously reported [9,12,16], is a useful tool to remove rRNA gene tandem arrays located at
the downstream end of each chromosome. The removal of the arrays allows chromosomes to
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more readily enter agarose gels leading to improved chromosome separation [12]. However,
I-Ppo | also cleaves the 3 Mb chromosome 4, and this was a useful mapping tool [12]. The
I-Ppo | site within chromosome 4 (on scaffold CH991779) (refer to Box 1 for scaffold and
contig definitions) (Figure 2(a)) is embedded in approximately 500 bp of rRNA gene
sequence with the upstream sequence carrying an ankyrin gene, found in TGUs [14].
However, similarity with sub-telomeric and rRNA gene sequences deteriorates upstream of
the ankyrin stop codon and downstream from the 500 bp of rRNA gene sequence [12]. The
internal I-Ppo | site in chromosome 4 (on scaffold CH991779) was the only internal
chromosome I-Ppo | site observed in gel separations of 1-Ppo | cleaved chromosomes. All
other I-Ppo | sites are sub-telomeric [12]. Thus when the association of chromosome 4 with
the internally located scaffold CH991763 carrying another 1-Ppo | site was identified it was
deduced that scaffold CH991763 had been erroneously constructed [12]. It was concluded
that the majority of scaffold CH991763, including the I-Ppo | site, was associated with
chromosome 2 (Figure 2).

GiardiaDB has 7 scaffolds which carry an I-Ppol site, one for each downstream end of each
of the major chromosomes, one for the internal scaffold CH991779 of chromosome 4 and
one other. The latter possibly belongs to chromosome 3 since this single linkage group
[13,31] appears to have two different downstream sub-telomeric ends [16].

Not | untied the knots

Not | cleaves an 8 bp GC rich sequence which is represented twice in the LSIRNA G.
lamblia gene [16,24]. It removes rRNA gene arrays from chromosomes and cleaves the
remaining chromosome into a range of sizes, the largest around 500 kb [12,23]. This range
of Not | segment sizes gave rise to a relatively small number of segments per chromosome
which facilitated mapping [12,13,22, 23,31], but Not | segments alone were of no specific
mapping value without appropriate markers. The latter came from cloned Giardia sequences
hybridized against Giardia DNA cleaved into small fragments to identify unique sequences
and then against chromosome separations to distinguish chromosome-specific markers
[12,13,31,33]. Initially, partially cleaved chromosomes were used to identify neighbouring
Not | segments (Box 3) [23,31], a technique which proved remarkably successful when
GiardiaDB was released and the maps and the orientation of some scaffolds based on the
Not | sites in GiardiaDB were confirmed [12,13]. The exception is the large ~3.5 Mb
chromosome, to which only 3.1 Mb of sequence has been assigned, as there are not enough
markers to either orient or map the scaffolds for this chromosome. The reason for this was
the difficulty in obtaining enough clean material of the large chromosome to make a
comprehensive chromosome-specific library.

The chromosome maps

G. lamblia isolate WB has four clear, ethidium bromide stained chromosome bands of 1.5,
2, 3and ~3.5 Mb in pulsed field gel electrophoretic separations (PFGE) when compared
with chromosome size markers (Figure 1) [27]. These chromosomes have been variously
referred to depending on a number of factors as explained in Box 2. Other isolates belonging
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to assemblage A may have variations in size and position of the designated WB
chromosomes as shown in Figure 1.

WB chromosome 1 is identified by a collection of probes previously referred to as Group 2
probes [12,22], four additional probes (Table 1) and a collection of probes published by Yu
et al. [33]. These chromosome 1-specific probe sequences are found on scaffolds CH991769
(958263 bp) and CH991762 (439942 bp) (Figure 2) the sum of which is 1 398 205 Mb. The
difference between this length and the estimated 1.5 Mb by PFGE is likely to be accounted
for by telomeric and sub-telomeric sequences [14,29]. Scaffold CH991762 is downstream of
CH991769 with the 1-Ppo I site defining the downstream end of the chromosome, but the
orientation of CH991762 is uncertain.

The unique 1.5 Mb chromosome 2 is constituted by segments from two scaffolds,
CH991767 and CH991763 (Figure 2) [12]. The nearly 300 kb segment of CH991767
(comprised largely of ctg02_13) is defined by the chromosome 2-specific probe sequence
AJ2078 [33]. The remainder of chromosome 2 comprises 2 segments of CH991763 [12]
with the 1-Ppo | site located at the downstream end of the chromosome. The downstream
CH991763 segment is defined by four chromosome 2-specific probes (Table 1) [12,22], and
the second segment of CH991763 is defined by chromosome 2-specific probes [12] located
on contig ctg02_06 (Table 1). It is assumed that the segment from the beginning of
CH991763 is juxtaposed to the second segment from CH991763, but this may not be the
case. It is possible that this second segment of CH991763 is in another orientation or indeed
that it defines the upstream end of chromosome 2. The sequence length of chromosome 2,
the sum of 289 080 bp from scaffold CH991767 and the two segments of CH9991763
amounting to 1 151 710 bp, is 1 440 790 Mb.

The 2 Mb chromosome 3 (Figure 2) [13,31] was first mapped as 13 Not | segments which
were ordered according to analyses of Not | partially cleaved chromosomes [31]. In addition
to the presentation of the Not | map, representative probes from each Not | segment were
sequenced. When GiardiaDB was released, the order of the Not | segments was confirmed
[13], but the total length of the scaffolds CH991771, CH991780, CH991782 and CH991767
identified by these probe sequences was > 3 Mb [13]. Because of the density of the 46
probes sequences spread along the chromosome [13], it was possible to predict that
CH991767 was incorrectly compiled, with one segment of the almost 2 Mb scaffold
belonging to chromosome 2 and two other segments of the scaffold belonging to the ~3.5
Mb chromosome [13]. In all cases of suspected erroneous scaffold construction, contigs
were kept intact [12,13]. It was clear from the Not | and the sequence maps of the 2 Mb
chromosome 3 that this chromosome is a single linkage group and that no other 2 Mb
chromosome is present in WB [13,31]. However, as seen in a two-dimensional separation of
Not I-cleaved chromosomes, there are two different rRNA gene carrying, sub-telomeric
segments associated with chromosome 3 (arrowed spots aligning with the 2 Mb
chromosome in Ref. [16]). One of these is predicted to be the I1-Ppo I carrying segment of
the beginning of CH991767, and the other is likely to be either CH991778 or CH991798, the
only two of seven I-Ppo | carrying scaffolds not clearly associated with a specific
chromosome. If there are two chromosomes of 2 Mb, then the majority of the chromosomes
are the same with different downstream ends that were not detected by available probe
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sequences. This possibility raises the issue of similarity of the two nuclei: is it possible that
there are two versions of some chromosomes and that they are located in different nuclei?
The final size of chromosome 3 was determined to be 1 963 438 Mb [13].

The 3 Mb chromosome 4 was also mapped by identifying Not | segments which were later
confirmed to be in that order (except two of the Not | segments) (Figure 2) [12].
Chromosome 4-specific probes identified 15 Not | segments accounting for 2.2 Mb of the
chromosome, ensuring that the probe sequences were well spread along the chromosome.
The probe sequences were located on scaffolds CH991814, CH991779, CH991793,
CH991763, CH991764 and CH991761 unambiguously in that order with CH991761
carrying the 1-Ppo | site [12]; however, it was not possible to predict the orientation of
scaffolds CH991814, CH991763 and CH991764 [12]. Several anomalies associated with
scaffold construction were evident including the incorrect compilation of scaffold
CH991763. Removal of segments from CH991763 carrying intact contigs and sequences
associated with other chromosomes resulted in a segment which was consistent with the Not
| segment sizes that were mapped and also with the apparent size of chromosome 4 [12].
The final length of chromosome 4 was predicted to be 2 890 648 Mb [12]

Chromosome 5 has been difficult to map, and indeed the map shown in Figure 2 presents the
scaffolds predicted by only 14 probe sequences (Table 1) to be associated with the ~3.5 Mb
chromosome. These probes are made up of five reported to be chromosome 5-specific by Yu
et al. [33] and nine others (Table 1). The map is presented in numerical order of the
scaffolds and scaffold segments, but neither the orientation nor the order of these scaffolds
has been confirmed. Nevertheless, the probe sequences have identified four scaffolds
associated with chromosome 5: (i) CH991767 (two segments of this scaffold of 440 367 and
780 483 bp as shown in Figure 2), (ii) scaffold CH991768 (1 312 034 Mb), (iii) CH991776
(426 100 bp), (iv) and CH991801 (154 297 bp). The downstream end of chromosome 5 is
likely to be associated with an I-Ppo | carrying scaffold two of which (CH991778 of 41 350
bp or CH991798 of 64 051 bp) have so far not been assigned to another chromosome. The
sum of all sequences assigned to chromosome 5, assuming CH991778 is the terminal
scaffold, is 3 113 281 Mb.

The sum of all sequences from the 11.7 Mb in GiardiaDB assigned to a specific
chromosome is 10 911 763 Mb with the remainder of the genome unassigned to
chromosomes being ~800 kb, i.e. 93% of the genome sequence has been assigned to one of
the five major chromosomes (Box 3). Genes which are markers for each chromosome (or
duplicated chromosomes as shown in isolate BRIS/83/HEPU/106 (106) in Figure 1 and also
in Refs. [9,22] are: (i) chaperonin 60 [GL50803_103891] (refer to http://www.giardiadb.org
for gene sequences) for chromosome 1 [35]; (ii) the pyruvate ferredoxin oxidoreductase
gene pfor-1 [GL50803_114609] for chromosome 2 [9,22]; (iii) the ferredoxin 3 gene, Fd3
[GL50803_10329] for chromosome 3; (iv) NADP-specific glutamate dehydrogenase gene,
glutDH [GL50803 21942 for chromosome 4 [36]; and (v) pfor-2 and Fd2 [GL50803 17063
and GL50803 9662, respectively] both on scaffold CH991768 for chromosome 5 (Figure 2).
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Community access to Giardia chromosome mapping data

The data presented here, in previous publications [12,13] and together with recently
available optical mapping data (Hilary Morrison and Rodney Adam, personal
communication) will be integrated into GiardiaDB which is one of the genomics database
resources available under the Eukaryotic Pathogen Database Resources (EuPathDB) for
eukaryotic pathogens umbrella [37]. EuPathDB includes ToxoDB (http://www.toxodb.org),
the genomic resource, for Toxoplasma, and PlasmoDB (http://www.plasmodb.org), for
Plasmodium species. The new format for chromosome presentation in GiardiaDB will be the
replacement of scaffolds or supercontigs in the GBrowse [38] view with whole
chromosomes. Such a view format is available in ToxoDB and can be accessed using the
Anciliary GBrowse tool. Similarly to ToxoDB and PlasmoDB, GiardiaDB has genomic
sequence from several isolates or species; in addition to the reference genome of assemblage
A, WBCE6 isolate, assemblage B isolate GS and an assemblage E isolate are represented
(Box 1). In ToxoDB, for example, users can drill down from the chromosome view, to the
contig and gene view, to synteny displayed among other isolates and species compared with
the reference genome. Another possible addition to GiardiaDB are chromosome-specific
marker sites also in the GBrowse view with associated mouse-over popup boxes providing
all relevant information. EuPath has recently undergone an upgrade to enhance data
accessibility and connections between diverse data types [37] and is dedicated to integrating
new data.

What next?

The map shown in Figure 2 is a working map requiring confirmation of some regions and
likely to vary from isolate to isolate. Fine sequencing of some regions is required, e.g.,
across scaffold boundaries to ensure the correct orientation of the juxtaposed scaffolds and
to ensure the scaffold boundaries fully represent that region of the intact chromosome. PCR
across these scaffold boundaries is a likely starting point for sequence confirmation. The
assemblage A chromosome map provides the basis from which to map the chromosomes of
the assemblage B isolate GS (Box 1), the genome of which has recently been published [21].
Preliminary mapping of WB chromosome 3 homologues in the assemblage B isolate
BRIS/91/HEPU/1279 and an isolate from a calf BRIS/93/HEPU/1709 showed, where partial
Not | cleavage data was available, that the order of Not | segments of the chromosome
homologues are maintained [23]. Further mapping using WB as a guide will facilitate the
compilation of a working sequence map of assemblage B chromosomes.

Compilation of the WB chromosome maps has highlighted the genetic variation among
isolates of assemblage A and while the chromosome designation for WB shown in Figure 1
has long been accepted, it does not apply to isolate 106, for example (Figure 1). The latter
has duplications of chromosome 2 of approximately 1.5 Mb but chromosome 1-specific
sequences hybridise to two bands significantly larger than 1.5 Mb [22]. In addition, 106 also
appears to have duplications of chromosome 5 [9]. An assemblage A isolate derived from a
cockatoo has duplications of chromosome 2 [9]. Why these and other isolates have
duplicated chromosomes can now be addressed in context of the WB chromosome maps,
e.g. fine mapping of the duplicated 106 chromosomes will inevitably reveal some
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differences [9,23]. In situ hybridization can then be employed to show the nuclear
localization of each of the duplicated chromosome sequences since evidence is accumulating
that the nuclei may not be identical [39]. Furthermore, identifying the differences between
these duplicated chromosomes will lead to an understanding of the mechanism of
chromosome duplication in Giardia.

Genetic variation, a hallmark of Giardia genomics can now be studied in the context of
whole chromosome rearrangements which may also be useful epidemiological tools. Under
the stress of drug pressure, Giardia readily rearranges its chromosomes as shown for a
metronidazole-resistant and an albendazole-resistant line of WB (Figure 1) [12,31,40].
Chromosome 4 is not evident in the metronidazole-resistant line WB-M3 [40,41]. However,
chromosome bands identified by chromosome 4-specific probes were evident in both the
metronidazole- and albendazole-resistant lines derived from WB [40]. These chromosome
rearrangements and others have been useful in mapping studies to verify contiguous regions
of chromosomes [12,31]. Much more intriguing is how Giardia so readily rearranges its
chromosomes. By comparing maps of the parental and drug-resistant lines, we can now
identify breakpoints of the rearrangements to gain an understanding of this mechanism of
survival and defense of the parasite. Integration of foreign DNA into the Giardia genome as
shown for a rep-like sequence [42] can be studied with the maps as reference. A plasmid
was found integrated into the genome of a Giardia isolate obtained from an extremely sick
child [3]. The region of integration can now be studied more globally: is the region of
integration a hotspot for foreign DNA and as such a risk for virulence production? As
pointed out above, the I-Ppo | site found internally in chromosome 4 of assemblage A but
not assemblage B isolates is an example of a likely evolutionary marker. Flanking regions of
this site can be compared with homologous regions in assemblages not carrying the I-Ppo |
site to identify any obvious breakpoints.

93% of the G. lamblia assemblage A genome has been assigned to one of 5 major
chromosomes ranging in size from 1.5 to 3.5 Mb. A working chromosome map of this
genome has been compiled and highlights both techniques of large scale sequencing and
physical mapping which prove to be complementary in understanding the genome biology
of this early diverging eukaryote. With this map as reference and within GBrowse in
GiardiaDB: (i) areas requiring fine sequencing, i.e. across scaffold boundaries can be
addressed initially using PCR across scaffold boundaries; (ii) other genome sequences can
be mapped in context using the tools available to EuPathDB; (iii) the search for functional
aspects of gene arrangement such as breakpoints in chromosome rearrangements involved in
drug resistance can be addressed; (iv) clues to understanding the function of the two nuclei
can be sought; and (v) genetic variation, a hallmark of Giardia genomics, has a new focus.

Box 1. Giardia lamblia: a flagellated, gut protozoan parasite of humans
Human Giardia isolates

e There are two major groups of genetically diverse Giardia isolates which infect
humans: assemblages A and B [7,18].
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» Assemblage A isolates (with WB, actually the cloned line WBC6 derived from
WAB, being the representative sequenced isolate [20]) typically have
chromosomes of 1.5, 2, 3 and ~ 3.5 Mb.

» Assemblage B isolates (with isolate GS the representative sequenced isolate
[21]) appear to be missing the smallest 1.5 Mb chromosome(s), the smallest
assemblage B chromosome which hybridizes with a chromosome 2-specific
probe, the PFORL1 gene (Figure 2), is around 1.8 Mb [9,23, 43,44].

» Assemblage B isolates are notoriously difficult and slow growing in culture
[43,45] but more readily infect adult mice than assemblage A isolates [46].

»  Genomes of assemblage B isolates appear to be more variable than the A
isolates with Not | cleavage patterns among A isolates being very similar and
often identical, while B isolate Not | cleavage patterns are distinctly different
from each other [12,23].

Giardia genomes

e The WBC6 genome sequence (assemblage A) (found at http://
www.giardiadb.org [32]) comprises 306 contigs (a group of cloned or copied
segments of DNA representing overlapping regions of a particular
chromosome). These contigs have been compiled as 92 scaffolds or
supercontigs (defined in genomic mapping as a series of contigs that are in the
right order). Of the 306 contigs, 200 are larger than 1000 bp, with the largest
being ctg02_01 at 870 956 bp [20]. Seventeen scaffolds are represented in the
chromosome ma ps covering 93% of the genome. The largest of the unassigned
scaffolds is 82 kb but 71 are less than 6 kb in length.

e  The GS genome (assemblage B) shares 77% identity with WBC6 [21].

» Assemblages A and B are so different as to be regarded by many experts as
constituting separate species (GiardiaDB discussion group found at http://
www.giardiadb.org) [47].

e The genomes of both WB and GS isolates are claimed to be tetraploid
[15,21,48,49].

e Gene probes used to distinguish assemblage A from B isolate include the rRNA
gene spacer region [50], glutamate dehydrogenase, triose phosphate isomerase,
ferredoxin and histone genes [7] and beta-giardin [51] with multilocus
genotyping proving most informative [52]. However, a higher level of allelic
sequence divergence in assemblage B genomes [52] may complicate
chromosome mapping in assemblage B isolates.

»  Five other discrete Giardia assemblages infect animals: (i) C and D (dogs), (ii)
E (livestock), (iii) F (cats) and (iv) G (rodents) [18,23,50,53].
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Box 2. Giardia chromosome names
WB has 5 major chromosomes [27].

Chromosome names have varied in the literature because of different separation
conditions, apparatus and isolates used by various researchers [12,22].

The 1.5 Mb band of electrophoretically separated, ethidium bromide stained
chromosomes (which carries chromosomes 1 and 2 in WB) (as shown in Figure
1) has been called chromosome 3 [22], since, in early field inversion gel
electrophoretic chromosome separations [22] it was the third largest
chromosome band. The 1.5 Mb band has also been referred to as chromosome
3/4 because of the two distinct bands of this size observed in isolate BRIS/83/
HEPU/106 (Figure 1). These two bands were later shown to represent duplicated
chromosomes (in fact duplications of chromosome 2) [9,12,22].

The 2 Mb band (which carries chromosome 3) (Figure 1) has previously been
called chromosome 5 [31,13,54].

The 3 Mb band (carrying chromosome 4) (Figure 1) was referred to as
chromosome 6 [12].

What appear to be duplicated chromosomes of around 3.5 Mb in isolate
BRIS/83/HEPU/106, have been referred to as chromosomes 7/8 [9].

Box 3. How Giardia isolate WB chromosomes were mapped

The summary below refers to Refs. [12,13,22,31]:

1.

Intact chromosomes from G. lamblia isolate WB were separated by pulsed field
gel electrophoresis in low melting temperature agarose.

The chromosome of interest was extracted from an entire row of chromosome
separations.

A library of cloned inserts was constructed from purified, restriction enzyme
cleaved chromosome.

Cloned inserts were selected and inserts (probes) of desired length (100-500 bp)
were radio-labeled.

Probes were hybridised against a pot of membranes carrying Southern
transferred DNA. These membranes carried:

i. Whole WB chromosome separations to identify chromosome-specific
probes (chromosome markers).

ii. Chromosome separations of other isolates and drug-resistant lines.
iii. Not I cleaved whole chromosomes to identify sizes of Not | segments.

iv. Partially Not I cleaved chromosomes to aid in nearest neighbor
identification.
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v. Giardia DNA cleaved into specific, small segments to identify unique
DNA sequence probes.

6. All unique copy, chromosome-specific markers were sequenced and the
sequence identified in GiardiaDB. Not I sites were matched from the estimated
size of a specific Not | segment with sites in GiardiaDB. The number of markers
is critical for fine mapping. Fewer markers per chromosome may limit the map
resolution and leave sequence data unassigned as is the case here with 7% of the
G. lamblia sequence not assigned to a specific chromosome.

7. The target contig and scaffold of interest were identified.

8. Scaffolds were aligned and oriented using a variety of techniques, e.g. I-Ppo |
sites to define downstream ends and one internal I-Ppo | site in chromosome 4,
rRNA genes sites at downstream ends, Not | cleavage site data and partial Not |
chromosome cleavage data, rearranged chromosome data from drug-resistant
lines, etc.

The logic (in the simplest outcome) behind partial cleavage hybridisation data relies on a
specific marker identifying the smallest DNA band in PFGE separations as the segment
of interest with the second smallest band being the segment of interest together with one
of its adjoining neighbours. The latter can then be matched with a similar band in a
hybridization with the marker for the nearest neighbour segment.

Where obvious errors in scaffold construction were apparent, contigs were kept intact.
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Figure 1.
Chromosomes of G. lamblia isolates and drug-resistant lines frequently have duplicated,

partially duplicated or rearranged chromosomes. Giardia chromosomes were separated by
pulsed field gel electrophoresis [12] with Saccharomyces cerevisiae (Sc) chromosomes as
markers (their sizes are indicated in Mb). The human isolate WB has four chromosome
bands with the smallest, apparently 1.5 Mb band, carrying two different chromosomes,
chromosome 1 and 2 (see Figure 2). The metronidazole-resistant line (WB-M3) derived
from WB [41] and the albendazole-resistant line (WB-M3-A) derived from WB-M3 [40]
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have clear chromosome rearrangements of chromosome 4 [40]. Chromosome 4 appears to
be missing (m) in both WB-M3 and WB-M3-A but a chromosome 4-specific probe
hybridizes to material retained in the well of WB-M3 and to the chromosome 3 and 5
ethidium bromide stained bands of WB-M3-A [40]. Chromosome bands of < 1 Mb, arising
from the chromosome rearrangements (r), are apparent in both WB-M3 and WB-M3-A. A
quinacrine-resistant line (WB-Q) also derived from WB [55] has no obvious chromosome
rearrangements. The sheep isolate, OAS1 [56] appears to have similarly sized chromosomes
to WB but the human isolate BRIS/83/HEU/106 has two chromosome bands of
approximately 1.5 Mb. These two bands are not different chromosomes as in the case of the
isolate WB, but are duplications of chromosome 2 (Ch2) as determined by hybridization
with a number of WB chromosome 2-specific probes [9,12,22]. Chromosome 1 in isolate
BRIS/83/HEPU/106 is not present in the 1.5 Mb chromosome band as is the case with WB
[22]. An accessory chromosome (a) is indicated in isolate BRIS/83/HEPU/106. This figure
is reproduced in part from Ref. [40].
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Figure 2.

Map of WBC6 chromosome sequences. (a) Refer to Box 1 for details of the genome of
WBC6. Maps were compiled using chromosome-specific probes, Not | segments and I-Ppo |
as a marker of the LSrRNA genes on downstream chromosome ends. Sizes of the
chromosomes are indicated by the horizontal bar below the maps but sizes are only roughly
drawn to scale with chromosome 5 represented as a ~ 3.5 Mb chromosome although only
3.1 Mb of sequence has been assigned to it. Maps show scaffolds (numbers and sizes
defined by colours along the chromosome) associated with each chromosome. Arrow heads
on chromosomes indicate scaffold orientation (where known) relative to the presentation in
GiardiaDB. Chromosome-specific probes (closed arrow heads) are indicated as numbers and
are detailed in Table 1. Mixed lettered and numbered sites below and above the maps are
chromosome-specific probe sequences [33]. Underlined numbers in italics indicate the start
and end of scaffold segments where scaffolds are believed to have been erroneously
constructed. 1-Ppo | sites are indicated on downstream terminal scaffolds but not in scaffold
CH991779. Stars indicate chromosome marker genes. The open, bold rectangles at the end
of each chromosome represent rRNA genes and the zigzagged line indicates sub-telomeric
sequences and telomere repeats. The rectangles and lines are not drawn to scale. (b)
Representation of the order of genes on the major chromosome downstream sub-telomeric
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ends. The map is not drawn to scale, e.g., gPK and ANK are juxtaposed in at least one sub-
telomeric region [14]. The cysteine-rich protein gene (referred to as VSP gene [28]), protein
kinase gene (gPK) and ankyrin gene (ANK) constitute a telomere gene unit (TGU) [14]
although these genes may not as yet be annotated on all of the scaffolds which define the
ends of the major chromosomes. The breakpoint into the LSrRNA gene is highly conserved
but the sequence between the rRNA genes and telomere repeats (T) (TAGGG), is highly
variable [29]. Each LSrRNA gene has one I-Ppo | site [16].
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