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Abstract. Small subunit ribosomal DNA (SSU-rDNA), glutamate dehydrogenase
(gdh), B-giardin, triosephosphate isomerase (tpi), and elongation factor 1-alpha
(efl-0) genes are useful genetic markers for genotypic analysis of the intestinal
protozoan, Giardia duodenalis (syn. G. lamblia, G. intestinalis), the cause of enteric
disease in humans. To quantitatively compare the discriminatory power of these
loci, 43 fecal samples were collected from central, northern and eastern Thailand
and G. duodenalis specimens were analyzed using PCR-based genotyping and
subcloning methods. Approximately equal prevalence of assemblage A (21) and
B (22) were present among these populations. Analysis of Simpson’s index and
Wallace coefficient values from assemblage B isolates together with the data ob-
tained from GenBank showed that the combination of two loci provides a higher
discrimination power for subgenotyping G. duodenalis than using any single locus.
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INTRODUCTION

Giardia duodenalis has increasingly
gained attention as a common cause of
diarrheal disease in humans in both devel-
oped and developing countries (Savioli et
al, 2006). In developing countries of Asia,
Africa, and Latin America, approximately
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200 million people are infected with this
organism with an average of 500,000 new
cases per year (Thompson et al, 2000). The
high number of infected cases in these
countries is mainly due to poor sanita-
tion and personal hygiene (Thompson
et al, 2000). To achieve effective control
and prevention strategies, an indepth
understanding of the epidemiology of
Giardia infection is required particularly
of the patterns of spread and routes of
transmission.

Genetic characterization has been
used to evaluate the genetic variability
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within G. duodenalis, and to assess the
role of the disease epidemiology (Caccio
et al, 2005; Smith et al, 2006). It has been
shown that G. duodenalis exhibits consid-
erable heterogeneity with genetically and
phenotypically distinct strains (Andrews
et al, 1989; Hopkins et al, 1997). Character-
ization of the glutamate dehydrogenase
(gdh) gene using PCR sequencing and
phylogenetic analysis indicated that G.
duodenalis can be grouped into eight major
genetic groups, termed assemblages A-H
(Hopkins et al, 1997; Monis et al, 2003;
Read et al, 2004; Lasek-Nesselquist ef al,
2010). Most of the infections with assem-
blages A and B are associated with hu-
mans (Souza et al, 2007; Volotao et al, 2007;
Sahagun et al, 2008). Moreover, molecular
studies have also revealed the existence
of genetic structures within each of these
assemblages. Assemblage A is comprised
of two distinct clusters, AI and AII, while
assemblage B consists of BIII and BIV. Of
these two major assemblages, assemblage
B possesses significantly greater nucleo-
tide diversity than assemblage A (Caccio
and Sprong, 2010).

To date, studies have been conducted
using PCR amplification and sequencing
analysis of a number of genetic loci of G.
duodenalis, eg, gdh, tpi, SSU-rDNA, and
B-giardin genes. The results showed that
some gene polymorphisms could repro-
ducibly group isolates into assemblages
(Wielinga and Thompson, 2007). Gdh and
tpi can be used to identify all assemblages
and subassemblages, whereas SSU-rDNA
and B-giardin genes showed uncompa-
rable results wherein the subassemblages
of assemblage B could not be identified.
However, some multilocus studies have
occasionally detected discordance of the
assemblage identification between loci,
and indicated that they carried different
genetic information (Traub et al, 2004;
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Caccio et al, 2008; Geurden et al, 2009).
When using only a single gene marker
in an epidemiological study, these phe-
nomena may result in the distortion of
subgenotypic identification. Nevertheless,
due to the lack of evaluative information
regarding the usefulness of these differ-
ent loci in identifying isolates, these loci
could independently become selected for
genotypic characterization in each study
without any specific protocols. Therefore,
a standard protocol for using genetic
markers to study the molecular epidemi-
ology of G. duodenalis is necessary to be
systemically performed.

Thus, this study evaluated the dis-
criminatory power of genotypic markers
for identifying nucleotide diversity within
subgenotypes of G. duodenalis assemblage
B.

MATERIALS AND METHODS

Parasite isolates

Forty-three fecal specimens of G. duo-
denalis were obtained from three regions
of Thailand as part of a public health
survey. Ten isolates were from the north,
19 from the east, and 13 from the central
region of Thailand.

This study was approved by the Royal
Thai Army Medical Department Ethics
Committee, Thailand. Written informed
consents were provided by all study par-
ticipants or their legal guardians.

Specimen processing and DNA extraction

Giardia cysts were concentrated by
sodium nitrate flotation technique (O’
Grady and Slocombe, 1980). In brief, ap-
proximately 2 g of fresh stool were added
to 2 ml of 60% sodium nitrate and mixed
until homogenized. After filtering through
gauze, the filtrate was added with 20 ml of
saturated sodium nitrate solution, mixed
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and left at room temperature for 20 min-
utes. One ml aliquot of the mixture sur-
face was sedimented, washed twice with
phosphate buffered saline (PBS). Finally,
the sediment was suspended in 1.5 ml of
PBS and kept at -20°C until used.

Fifteen pl aliquot of each specimen
was applied onto a 6 mm-diameter FTA
disk (Whatman, Bioscience, Newton, MA)
and then air-dried overnight. Disks were
washed twice with 200 ul of FTA puri-
fication reagent (Whatman, Bioscience)
for 5 minutes, then washed twice with
200 ul of TE! buffer (10 mM Tris-HCl pH
8.0; 0.01 mM EDTA pH 8.0) for 5 minutes
and air-dried overnight. FTA disks were
used directly as DNA templates in PCR.
QIAamp Stool Mini Kit (Qiagen, Hilden,
Germany) was additionally used for DNA
extraction of specimens that gave negative
results with the FTA method.

DNA amplification, cloning and sequenc-
ing

Segments of SSU-rDNA (176 bp), B-
giardin (511 bp), gdh (456 bp), tpi (530 bp),
and efI-0. (191 bp) genes were individually
amplified as previously described (Hop-
kins et al, 1997; Monis et al, 1999; Sulaiman
et al, 2003; Lalle et al, 2005, Boontanom
et al, 2010). The amplicons were elec-
trophoresed on a 1.5% agarose gel and
purified using QIAquick gel extraction
kit (Qiagen, Germany) according to the
manufacturer’s instructions.

All amplicons were bidirectionally se-
quenced using their respective secondary
primers, and then manually assembled
and edited using BioEdit version 7.0.1.
When a singleton substitution was found,
the sequencing was repeated with the
amplicon from another independent
PCR amplification. If heterozygosity was
identified, subcloning of this amplicon
was performed to confirm the existence
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of multiple templates by inserting and
transfecting into pGEM-T Easy vector
(Promega, Madison, WI) JM109 competent
cells. Recombinant plasmids were puri-
fied from three to ten transformed colo-
nies using HiYield Plasmid Mini Kit (RBC
bioscience, Taiwan) and sequenced using
universal primer SP6. DNA sequencing
was conducted by 1% Base, Singapore.
Sequence analysis

Sequences were aligned with SSU-
rDNA gene and gdh reference sequences
obtained from GenBank, using the pro-
gram ClustalX version 2.0.12 (Larkin et al,
2007). The reference sequences used
for alignment were as follows: M54878
(SSU-rDNA assemblage A); U09492 (SSU-
rDNA assemblage B); L40509 (gdh assem-
blage AI); L40510 (gdh assemblage AlI);
AF069059 (gdh assemblage BIII); L40508
(gdh assemblage BIV) (Read et al, 2004).
Comparison of discriminatory power

The diversity index and Wallace’s co-
efficients were calculated employing web
server http://darwin.phyloviz.net/Com-
paringPartitions/index.php?link=Tool.
Any different allele found was considered
as distinct type.

Simpson’s index of diversity (Hunter
and Gaston, 1988) was applied to measure
the discriminatory ability of each locus.
This index indicates the probability of
two isolates sampled randomly from a
population belonging to two different
types. Simpson’s index (D) and confidence
intervals (CIs) are calculated from the fol-
lowing equations:

N

1
D=1—N(N_1)En/(nf—l)

=

o= [S7 - ()]
CI = |:D—2\/072,D+2\/c7:|
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Table 1
The number of allele types, discriminatory power and 95% confident interval of each
gene in this study.

Locus No. of allele types D 95% CI
SSU-rDNA gene 1 0 0.00 - 0.00
gdh 8 100 100.00 - 100.00
B-giardin gene 7 96.43 88.77 - 104.08
tpi 8 100 100.00 - 100.00
efl-a 2 42.86 12.24 - 73.48

where N is the total number of iso-
lates in the sample population, S the total
number of types described, n. the number
of isolates belonging to the jth type, and
n; the frequency n/N.

The Wallace’s coefficient (Wallace,
1983) is the clustering comparison index
for evaluation of the strength and the
directionality of the correspondences
between typing loci. Given two partition
schemes of the same data set, P and P/,
these coefficients are calculated based on
the fact that a pair of isolates from the
data set will fall into one of the follow-
ing conditions: (a) the number of point
pairs that are in the same cluster in P and
P’, (b) the number of point pairs that are
in the same cluster in P but not in P/, (c)
the number of point pairs that are in the
same cluster in P’ but not in P, or (d) the
number of point pairs that are in different
clusters in P and P’. The coefficients can
then be defined as

a
W0 =
W (P, P’) = ——
7 a+c

Wallace’s coefficients provide an es-
timate of how much new information is
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obtained from another typing locus. A low
value of Wallace’s coefficient indicates
that types defined by a given locus could
have been predicted from the results of
another locus, suggesting that the use of
this locus is redundant.

RESULTS

Amplification of target genes

Due to a limited amount of DNA, 4
of 43 isolates were not available for PCR
amplifications except for gdh gene. PCR
reactions were positive for 42 (98%), 38
(97%), 35 (90%), 24 (61%) and 22 (56%)
of the isolates for gdh, SSU-rDNA, efl-0,
B-giardin, and tpi gene, respectively.

Assemblage assignment and sequence
analysis

Sequence alignments for assemblage
assignment using data from the SSU-rD-
NA and gdh genes showed that 21 isolates
were assemblage A, while the other 22
isolates were assemblage B.

Direct sequencing of the ampli-
cons from SSU-rDNA, B-giardin, and
efl-a. genes showed that all of these
isolates had homozygous gene at these
regions, whereas the two remaining
genes, gdh and tpi, showed heterozygous
sequences.
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Fig 1-Representation of correspondences be-
tween the typing genes used in the 30 iso-
lates, calculated by Wallace’s coefficients.
Sequence data were from this study and
those of Robertson et al (2006).

Fig 2-Representation of correspondences be-
tween the typing genes used in the 34 iso-
lates, calculated by Wallace’s coefficients.
Sequence data were from this study and
those of Geurden et al (2009).

768

Analysis of all assemblage B sequences
from all genes showed that only the SSU-
rDNA gene contained no variation. For
gdh, a total of 66 sequences/clones were
selected for sequencing showing that they
were 52 different alleles when compared
with their reference sequences (data not
shown). For fpi, from 26 sequences/clones,
there were 25 different alleles. In addi-
tion, seven and two different alleles were
observed in the B-giardin and efI-o. gene,
respectively.

Discriminatory power comparison

Simpson’s index of diversity (D)
provides a measurement of the discrimi-
natory power of different genes in as-
semblage B. Only eight isolates, having
complete PCR amplifications of the five
genes, were eligible for the calculation.
Table 1 summarizes the coefficient for
each gene used in this study. The discrimi-
nation power of gdh, tpi, B-giardin, efl-o,
and SSU-rDNA genes was 100, 100, 96.43,
42.86, and 0%, respectively. The SSU-
rDNA gene had no discriminatory power
because all sequences were identical. On
the other hand, all eight isolates showed
totally different alleles in the gdh and tpi
regions. By comparing the D values and
95% CI values of the four variable genes,
only the 95% CI value of the efI-o did
not overlap with the other genes. Thus,
gdh, B-giardin, and tpi genes were likely
to have similar discriminatory powers
higher than that of efI-a.

To confirm the results of the SSU-
rDNA gene and efI-0, the sequence data
of these genes retrieved from GenBank
were included in the calculation. Over-
all, 22 GenBank acquired sequences of
the SSU-rDNA gene, were identical to
the sequences in this study, and the dis-
criminatory power of the SSU-rDNA gene
still remained at 0%. Results obtained
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for all eight acquired sequences of efl-o.
reduced the discriminatory power of this
gene from 42.86% to 23.55% (1.79-45.31).
Thus, studied regions of the SSU-rDNA
gene and efl-o were likely to have low
discriminatory power and were less use-
ful for typing this organism at the subas-
semblage level.

For sequence data of gdh, B-giardin
gene, and tpi, in order to increase the
reliability of the estimations, additional
data were obtained from the GenBank
database. Unfortunately, as the sequence
data of the gdh, B-giardin gene, and tpi
from GenBank comprised different am-
plified regions, they could not be used
for sequence analysis in this study. Only
sequence data of the gdh and B-giardin
gene from the study of Robertson et al
(2006) and sequence data of B-giardin and
tpi gene from that of Geurden et al (2009)
were matched with the amplified regions
of this study. Thus, the estimation was
separated into two analyses.

The first analysis was performed
using the gdh, B-giardin gene, and gdh+B-
giardin datasets. Amplifications of these
loci were successful for 11 isolates in this
study. The combination of datasets from
this study and those of Robertson et al
(2006) increased this number to 30 iso-
lates. The number of distinct alleles was
18, 15, and 26 for the gdh, B-giardin gene,
and gdh+B-giardin genes, respectively.
The results showed similar index values
for the gdh and B-giardin gene at 0.161
and 0.128, indicating a strong correlation
between these two genes. In contrast,
gdh+B-giardin showed higher value when
compared with the gdh or B-giardin gene
alone (Fig 1). When using gdh+-giardin
as the standard of comparison, the value
of Wallace’s index was 1. This was the
highest value obtained among all three
datasets, meaning that if two isolates were
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identified as the same type by the data
from the gdh or B-giardin gene, there was
a 100% chance to identify a different type
by the data from gdh+fB-giadin gene. This
reflects that the gdh+B-giardin improves
the classification when compared with a
single locus, gdh or B-giardin gene.

The second analysis was performed
using B-giardin gene, tpi, and B-giardin+tpi
datasets. Amplification of these loci were
successful for the eight isolates in this
study. Combination of datasets from this
study and those of Geurden et al (2009)
increased the number of isolates to 34.
The number of distinct alleles was 13,
10, and 18 for the B-giardin gene, tpi,
and B-giardin+tpi genes, respectively.
When considering the -giardin gene and
B-giardin+tpi genes as the standard of
comparison, the value of Wallace’s index
was 1 and 0.825 respectively, whereas
the index value from the tpi gene was
0.245. The data indicated a similar index
value between the information provided
by the B-giardin gene and B-giardin+tpi
genes (Fig 2), showing that B-giardin+tpi
and B-giardin genes improved the clas-
sification when compared to tpi. How-
ever, the combination of two genes and
the B-giardin+tpi genes still provided
slightly more information than the single
B-giardin gene.

DISCUSSION

The main objective of this study was
to measure and compare the discrimina-
tory power of five genetic markers most
widely used for genotyping of G. duode-
nalis. This study focused on the data from
assemblage B isolate because it contained
significantly more genetic diversity than
assemblage A. Our study provided a
framework for the quantitative assess-
ment of correspondence between type
assignments obtained from different loci.
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The quantification was achieved by the
use of Simpson’s index of diversity and
Wallace’s coefficient. An important appli-
cation of this study was the evaluation of
the capability to identify subtypes by us-
ing different loci, leading to the selection
of the most informative and useful locus
to genetically characterize the isolates.

The significantly low discriminatory
powers of SSU-rDNA gene and efI-o in-
dicated that they could not be used to
genotype subassemblage. In spite of gdh,
B-giardin, and tpi loci showing similar
discriminatory powers, due to the data-
set restrictions, the comparative analysis
among these genes had to be separated
into two analyses. For both analyses,
when compared with a single locus, the
combination of two loci showed signifi-
cant improvement of the classification of
the isolates. These were indicated by the
higher coefficient values obtained.

In summary, this study showed that
Simpson’s index calculation indicated
that SSU-rDNA gene and efI-o loci had
lower discriminatory power than gdh,
B-giardin gene, and tpi loci, and that the
combination of two loci provided more
discriminatory power than using a single
locus. Although the comprehensive com-
parison between these analyses implied
that the combination of the loci enhanced
the classification, unfortunately, these re-
sults could not be directly compared since
the datasets were from different sources.
Further studies are necessary to clarify
which of the typing loci would provide
a more discriminatory and informative
genotyping system.
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