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Giardia lamblia is considered a species complex, whosemembers show little differences in their morphology, but
have remarkable genetic variability. The aimof this studywas to identify inter- and intra-assemblage genetic var-
iation inG. lamblia among patients in Rio de Janeiro. The parasitological studywas performed on faeces, and DNA
was extracted from the samples which tested positive for G. lamblia. The genetic assemblages and subtypeswere
determined via multilocus sequence typing (MLST) using β-giardin, triose phosphate isomerase and glutamate
dehydrogenase gene loci. Fourteen assemblage A samples were successfully genotyped at the three MLST loci
(bg/tpi/gdh). Two previously identified multilocus genotypes were found (AII-1 and AII-4), and two novel
multilocus genotypes are proposed (AII-8, profile A2/A2/A4; AII-9, profile A3/A2/A2). Sequence analysis showed
that assemblage B isolates have a higher nucleotide variation than those from assemblage A. Novel assemblage B
sequences are described and most (66.7%) have heterogeneous nucleotides, which prevent the definition of
multilocus genotypes. This is the first time that MLST has been used to characterise G. lamblia isolates in
human clinical samples from Rio de Janeiro. In addition, MLST has enabled the detection of novel subtypes in
both assemblages and the description of two novel multilocus genotypes in assemblage A. This study provides
new insights into the genetic diversity of assemblage A and shows that MLST should be used to characterise G.
lamblia both in Brazil and globally.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Giardia lamblia (syn. Giardia intestinalis, Giardia duodenalis) is an in-
testinal protozoa found in a wide range of hosts including humans, and
domestic and wild animals. This parasite is considered a species com-
plex with at least eight distinct assemblages (labeled A to H), but only
assemblages A and B have been detected in both humans and a wide
range of other mammalian hosts. The other assemblages are likely to
be host-specific: C and D are mainly found in dogs and other canids, E
in hoofed livestock, F in cats, G in rodents and H in marine mammals
(Monis et al., 1999, 2003; Thompson, 2004; Lasek-Nesselquist et al.,
2010). Molecular genetic analyses have shown that G. lamblia assem-
blage A is divided into three sub-assemblages: AI, mainly zoonotic; AII,
commonly anthroponotic, although it has been reported in a few studies
on animals, and AIII, found only in animals. Assemblage B, which is di-
vided into two sub-assemblages, BIII and BIV, is predominantly found
in humans and much less commonly in animals (Sprong et al., 2009;
Ryan and Cacciò, 2013).
ces and Cell Biology, University
PCR-based molecular analysis techniques have been used to investi-
gate the genetic diversity of G. lamblia. Initially, most of the molecular
epidemiological studies were based on the analysis of a single locus,
but parasite assemblages are currently distinguished by multilocus
genotyping (MLG) tools. Small subunit ribosomal RNA (ssu rRNA)
(Hopkins et al., 1997; Appelbee et al., 2003), β-giardin (bg) (Cacciò et
al., 2002; Lalle et al., 2005), glutamate dehydrogenase (gdh) (Read et
al., 2004; Cacciò et al., 2008) and triose phosphate isomerase (tpi)
(Sulaiman et al., 2003; Bertrand et al., 2005) genes are the four genetic
markers commonly used in genotyping and subtyping G. lamblia in
many host species and geographical locations. As the amount of se-
quence information increased, incongruent genotyping results (lack of
concordance in the assignment of isolates to a specific assemblage)
began to be reported. Thus, the analysis of a single locuswas not consid-
ered sufficient to reliably determine the distribution of assemblages
across the population (Cacciò et al., 2008; Sprong et al., 2009; Almeida
et al., 2010; Huey et al., 2013). Therefore, the use of MLG tools became
imperative.

Based on MLG analysis of the bg, gdh, and tpi genes, Cacciò et al.
(2008) proposed a subtype nomenclature system with 10 different
MLGs for assemblage A isolates (AI-1, AI-2, AII-1, AII-2, AII-3, AII-4,
AII-5, AII-6, AII-7, AIII-1). The same was not possible for assemblage B
because of the greater diversity encountered between and within
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these isolates. A precise nomenclature for theMLGs of assemblage B iso-
lates was impossible to be proposed due the presence of heterogeneous
templates (overlapping nucleotide peaks at specific positions in the
sequence).

The distribution of assemblages A and B varies greatly in Brazil,
largely because of the enormous expanse of territory involved. While
earlier reports demonstrated the prevalence of assemblage A (Souza
et al., 2007; Volotão et al., 2007), recent works have found a prevalence
of assemblage B infection (Kohli et al., 2008; Santos et al., 2012; Colli et
al., 2015; Oliveira-Arbex et al., 2015), and others have found no signifi-
cant difference between the distribution of the assemblages (Durigan et
al., 2014; David et al., 2015; Nunes et al., 2016; Faria et al., 2016).

The aim of this studywas to identify inter- and intra-assemblage ge-
netic variation in G. lamblia based on multilocus sequence typing
(MLST) of the bg, tpi and gdh genes and to defineMLGs for assemblages
A and B in patients with giardiasis attending a referral hospital in Rio de
Janeiro, Brazil.

2. Materials and methods

2.1. Study population, collection of faecal samples and laboratory methods

A total of 65 faecal samples positive for G. lambliawere collected be-
tween January 2011 and February 2015 from patients attended in
Evandro Chagas National Institute of Infectious Diseases (INI/FIOCRUZ),
a referral hospital in infectious diseases in Rio de Janeiro, Brazil.

Stool samples were collected by the patient in plastic disposable
flasks without preservatives and maintained at 4 °C until laboratory
analysis on the same day. The flasks were labeledwith the name, collec-
tion date and the hospital number. The parasitological tests were con-
ducted at the Parasitology Laboratory of INI, a laboratory certified by
the College of American Pathologists, by experienced technologists.
For diagnosis of G. lamblia, the fresh specimens were analysed by
means of centrifugation sedimentation (de Carli, 2001) and centrifugal
flotation in zinc sulphate solution (Faust et al., 1938). The slides were
then observed under the microscope (Nikon Eclipse E200, magnifica-
tion of 10 and 40×).

In addition, clinical and epidemiological data (age and gender) were
collected from the hospital's database. The patients were classified as
symptomatic if presented abdominal pain, asthenia, cough, diarrhea,
fever, headache,myalgia, rapidweight loss, vertigo and/or vomiting. Ac-
cording to World Health Organization (WHO) criteria diarrhea is de-
fined as the passage of three or more unformed stools per day or more
frequent passage than is normal for the individual (WHO, 2013).

2.2. Ethics statement

The Research Ethics Committee Evandro Chagas National Institute of
Infectious Diseases (INI/FIOCRUZ) approved the study (protocol num-
ber: 127.542). This project was in accordance with the Brazilian Ethical
Resolutions, especially Resolution CNS 196/1996 and its complementa-
ry and the Code of Medical Ethics of 1988 (articles 122–1307). Written
informed consent was obtained from all patients or legal guardians of
patients younger than 18 years, prior to sample collection. The informed
consent was provided after a detailed explanation of the objectives of
the work. A term of privacy and confidentiality was signed by the re-
searches for patients for whom it was not possible to obtain informed
consent beforehand.

2.3. DNA extraction

The molecular analysis of G. lamblia was performed only on faecal
samples without preservatives. Approximately 5 g of faecal sample
was washed with distilled water, filtered through doubled gauze, and
then centrifuged (100×g for 2 min). These steps were repeated two
more times. The concentrated cysts were stored at −20 °C until DNA
extraction. Samples collected in 2011 and 2012 were subjected to
DNA extraction in 2013, whereas samples collected from 2013were ex-
tracted regularly within one month of collection. DNA extraction was
performed using the QIAamp DNA Stool mini Kit (Qiagen) according
to the manufacturer's instructions. A new DNA extraction was per-
formed in PCR-negative samples with minor modifications. In the first
step, glass pearls and polyvinylpyrrolidone 10% solution was added
and the incubation time was increased to one hour at 95 °C, and in the
finals steps glycogen was added for DNA precipitation. Genomic DNA
was preserved at−20 °C until analysis.

2.4. PCR analysis

Extracted DNA was subsequently analysed by PCR using three G.
lamblia gene loci: β-giardin (bg), triose phosphate isomerase (tpi) and
glutamate dehydrogenase (gdh). The amplification of the bg locus
gene was performed using a semi-nested PCR (Cacciò et al., 2002) and
a nested PCR was done for amplification of fragments of the tpi gene
(Sulaiman et al., 2003). For the amplification of the gdh gene, a semi-
nested PCR and a nested PCR were performed as described by Read et
al. (2004) and Cacciò et al. (2008), respectively.

All reactions contained 12.5 μL of NZYTaq 2× Green Master Mix
(Nzytech), 1 μL of each primer (10 pmol/μL), 1 μL of extracted DNA
and 8.5 μL of sterile water, performing a final volume of 25 μL. PCR
was carried out on theMJMini™ Thermal Cycler (BioRad). In all PCR re-
actions, Giardia-positive DNA sample (strainWB, clone 6 [ATCC 30957])
and nuclease-free distilled water were used as positive and negative
controls, respectively. The PCR products were analysed on 1.5% agarose
gels stained with ethidium bromide and visualized using a gel docu-
mentation system (Uvisave, Uvitec).

2.5. Multilocus sequencing and phylogenetic analysis

Positive secondary PCR products were purified using QIAquick PCR
Purification kit (Qiagen), quantified (ND1000, NanoDrop) and se-
quenced with secondary PCR primers in both directions using the re-
spective forward and reverse primers with an Applied Biosystems
3730 xL DNA Analyser (Applied Biosystems). Chromatograms and nu-
cleotide sequences were analysed, edited using BioEdit Sequence Align-
ment Editor Programme (http://www.mbio.ncsu.edu/bioedit/bioedit.
html), and were aligned with reference sequences retrieved from the
GenBank using ClustalW. In order to determine theGiardia assemblage,
sub-assemblage and subtype, BLAST software (http://www.ncbi.nlm.
nih.gov/blast/) was used for comparison of the nucleotide sequences
obtained in the present work with sequences available at GenBank.
The phylogenetic analysis was performed in MEGA software v.6
(www.megasoftware.net) using neighbour-joining (NJ) and maximum
likelihood (ML) algorithms with evolutionary distances calculated by
Tamura-Nei method. Bootstrap analysis was applied to evaluate the re-
liability of clusters by using 1000 replicates. The sequences from the
three loci (bg, tpi and gdh) were also concatenated. The accession num-
bers and the corresponding assemblages of the sequences obtained
from the GenBank database are displayed in S1 Table. The novel se-
quences without ambiguous positions from this study were deposited
in the GenBank under accession numbers KX085486-KX085495.

3. Results

Of the 65 samples positive forG. lamblia, 39were successfully ampli-
fied and sequenced (Table 1). Sequence results showed that 18 samples
belonged to assemblage A, 21 samples belonged to assemblage B and no
mixed infections (A + B) were detected. Thirty-one (79.5%) samples
were amplified at the bg locus, 32 (82.1%) at gdh locus and 37 (94.9%)
at tpi locus. Twenty-nine samples were amplified in all loci, three
were amplified in two loci and seven were only amplified at one locus
(one was amplified at bg locus, one at gdh, and five at tpi). Among the

http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
http://www.megasoftware.net


Table 1
Genotyping results of the 39 positive stool samples for G. lamblia based on three different
loci using sequence analysis.

Assemblage 1 locus 2 loci 3 loci Total

bg tpi gdh bg + tpi tpi + gdh bg + tpi + gdh

A 1 3 – – – 14 18
B – 2 1 1 2 15 21
Total 1 5 1 1 2 29 39

Table 3
Polymorphisms at the β-giardin, triose phosphate isomerase and glutamate dehydroge-
nase loci of assemblage A samples compared to reference sequences obtained from
GenBank.

Sub-assemblage Subtype Isolate (ID) Nucleotide position

β-giardin 421 429 567 690
AI A1 WB C T C A
AII A2 KC8, INI 19, 44, 47, 51, 52, 58,

59, 60, 66 55,858,59,60,66
T G

AII A3 ISSGF7, INI 11, 23, 39, 41, 45 T C T G
AII A2

and/or
A3

INI 17 Y Y T G

Triose phosphate isomerase 129 349 399
AI A1 WB T G C
AII A2 JH, INI 7, 11, 17, 19, 23, 25, 38,

41, 45, 47, 51, 52, 58, 59, 60, 66
C T

AII Novel
A2

INI 44a C A T

Glutamate dehydrogenase 699 753 807 831
AI A1 Portland1 T C C C
AII A2 Bris136, INI 11, 41, 45, 47, 51,

58, 60
C T T T

AII A4 ECUST 2196, INI 19, 17, 23, 44,
52, 59, 66

T T T

Nucleotide substitutions are numbered from the ATG codon of each gene, empty spaces
indicate identity to the A1 reference sequence (GenBank accession numbers: AY258617
for bg, L02120 for tpi and M84604 for gdh). Isolates in bold are reference sequences
from the GenBank.

a Sequence previously observed by Durigan et al., 2014 (GenBank acc. No. KF922901
and KF922892).
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32 samples amplified in more than one locus, no incongruent assign-
ment to assemblages (“assemblage swapping”) was detected.

The majority of the patients were adults (69.2%) with an average of
32.54 ± 13.69 years (Mean ± SD; median = 32). The highest preva-
lence occurred between 30 and 39 years (33.3%) and there were more
male than female patients (69.2% versus 30.8%). Of the 39 samples that
were successfully amplified and sequenced, 14 (35.9%) showed clinical
symptoms while 25 (64.1%) were asymptomatic (Table 2). When we
studied the association of the symptomswith assemblages, no statistical
association was observed.

3.1. Assemblage A sequences

All 18 samples classified as assemblage A corresponded to sub-as-
semblage AII. Among the 15 samples amplified at the bg locus, nine
showed complete sequence identity with the previously described sub-
type A2 (KC8, accession number AY072723) and five were identical to
subtype A3 (ISSGF7, accession number AY072724) (Table 3). One sam-
ple (INI 17) showed overlapping nucleotides (C - T/Y) at the positions
421 and 429, which could classify the sample as subtype A2 and/or A3
(Table 3).

Of the 17 samples successfully amplified at the tpi locus, all se-
quences showed 100% sequence identitywith subtype A2 (JH, accession
number U57897) except the sample INI 44 where a single nucleotide
polymorphism (SNP) were observed (G - A at position 349) (Table 3).
This sample showed complete identity with two previously described
sequences, KF922901 and KF922892 from São Paulo/Brazil (Durigan et
al., 2014) (Table 3) and is distinct from the six subtypes (A1-A6) de-
scribed by Cacciò et al. (2008) and thus represents a new subtype. No
overlapping nucleotides were observed at tpi sequences.

Fourteen samples were amplified at gdh locus, seven being identical
to subtype A2 (Bris136, accession number AY178737) and the others
were identical to subtype A4 (ECUST 2196, accession number
JX994237) (Table 3). No sequences with novel substitutions or overlap-
ping nucleotides, at any position, were observed at gdh sequences.

3.2. Assemblage B sequences

At the bg locus, 12 (75%) of 16 assemblage B sequenced samples ex-
hibited no ambiguous nucleotides at any position in the chromatogram
and six subtypes could be identified, one had already been described
and five were novel (Table 4). Three samples (INI 54, 61 and 64)
showed complete identity with a previously described sequence
(KF736104, sub-assemblage BIII) (Table 4). The sequences of four sam-
ples (INI 27, 48, 50 and 67) were classified as new variants of BIII refer-
ence sequence (Ld18, AY072726) and the remaining five samples (INI
21, 49, 53, 57 and 68) were classified as new variants of BIV reference
Table 2
Association between the G. lamblia assemblages and symptomatology.

Assemblage Symptoms

Yes No

A 5 13
B 9 12
Total 14 25
sequence (ISSGF4, AY072728). These nine samples showed novel sub-
stitutions at positions 393, 396, 456, 477, 525, 570, 606, 615, 714 and
717, along bg sequence and prevented the assigned to a specific sub-
type. All of them showed 99% identity with previous published
sequences.

At the tpi locus, 12 (60%) of 20 samples displayed unambiguous nu-
cleotides (Table 4). Six different subtypes were identified: nine samples
corresponded to three previously reported subtypes and three samples
were novel subtypes. The sequence of five samples (INI 33, 43, 49, 53
and 56) showed 100% identity with the sub-assemblage BIII reference
sequence (Bah12, AF069561) (Table 4). One sample (INI 50) showed
complete identity with the published sequence AY368165 (BIII/isolate
2434) and three samples (INI 48, 65 and 69) had sequences identical
to BIV isolate Ad-19 (AF069560). The sequences of INI 21 and INI 55
showed 99% identity with the BIV isolate GS/M (L02116) and Ad19, re-
spectively. The sequence of sample INI 64 corresponded to a mixture of
sub-assemblages BIII and BIV, and seven SNPs were observed along the
sequence.

Among the 18 sequences obtained at the gdh locus, only five (27.8%)
exhibited no double peaks and four different subtypes were identified
(Table 4). One sample (INI 26) was identical to BIII isolate Bah 12c14
(EF685684) and other sample (INI 33) showed complete sequence
identity with BIII isolate FCQ 21 (AY178756) (Table 4). INI 48 sequence
was identical to sub-assemblage BIV reference sequence (Ad28,
AY178738) or to JX972186 (which was found in a horse in Colombia).
Two samples (INI 27 and 65) showed 99% identity with the BIV refer-
ence sequence (Ad28, AY178738), with only one SNP (G - A at position
354). Moreover, the two latter isolates showed 100% identity with two
previously described sequences (KT334248 and KT334251), however
with just 52% of coverage.

3.3. Multilocus analysis

A total of 14 assemblage A samples were successfully genotyped at
the three MLST loci (bg/tpi/gdh) (Table 5). Two previously identified
MLGs were found: AII-1, profile A2/A2/A2, in four samples (INI 47, 51,

ncbi-n:AY072726
ncbi-n:AY072726
ncbi-n:AY072726


Table 4
Polymorphisms at the β-giardin, triose phosphate isomerase and glutamate dehydrogenase loci of assemblage B samples compared to reference sequences obtained from GenBank.

Isolate (ID) bg

393 396 456 477 525 570 606 615 714 717

BIII (Ld18) A C C T T C C C C C
BIV (ISSGF4) C T T T – –
BIII (KF736104), INI 54, 61, 64 G T
INI 21, 68 G T C T T T T T
INI 27, 48 C
INI 50 G T T T
INI 49, 53, 57 G T C T T T T
INI 67 G T T

tpi

39 45 91 165 168 210 217 271 280 297 304 393 402 429 438 483 504

BIII (Bah12), INI 33, 43, 49, 53, 56 – T C C C G G C A A A C A G T A C
BIV (Ad19), INI 48, 65, 69 A T T T A A
BIV (GS/M) A T T T A
INI 21 A T T T T
BIII (isolate 2434), INI 50 G G T
INI 55 A T T T A A A
INI 64 G C T T T T G G G C G

gdh

309 354 429 447 519 540 561 612 699 723 807 825 867 921

BIII (Bah12c14), INI 26 – – T T C C C G T C G A C G
BIII (FCQ21), INI 33 Y G Y C Y
BIV (Ad28), INI 48 T G C C C T T A C T T G A
INI 27, 65 T A C C C T T A C T T G A

Nucleotide substitutions are numbered from the ATG codon of each gene, empty spaces indicate identity with the BIII reference sequence (GenBank accession numbers: AY072726 [Ld18]
for bg, AF069561 [Bah12] for tpi and EF685684 [Bah12c14] for gdh). Isolates in bold are reference sequences from the GenBank. The dash (−) indicates deletion.

Table 6
Multilocus sequencing typing of G. lamblia assemblage B isolates.

Isolate (ID) Sequencing

bg tpi gdh
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58, 60); AII-4, profile A3/A2/A4, in one sample (INI 23). Two novelMLGs
were identified: AII-8 (proposed), profile A2/A2/A4, in four samples (INI
19, 52, 59, 66); AII-9 (proposed), profile A3/A2/A2, in three samples (INI
11, 41, 45). One sample (INI 17), with overlapping nucleotides, could be
identified as AII-4 and/or on the new proposed MLG, AII-8. One novel
assemblageAMLGwas observed (INI 44), and could not be classified ac-
cording to Cacciò et al. (2008) nomenclature proposal.

A total of 15 assemblage B samples were sequenced at all three
genes. Due the high number of heterogeneous nucleotides at gdh gene
(13 isolates), only one isolate (INI 48) had no double peak at any posi-
tion and were classified as a novel assemblage B MLG (Table 5).

The classification of the 21 assemblage B isolates into sub-assem-
blages is shown in Table 6. Mixed infection within the sub-assemblages
BIII+ BIVwas identified in one sample (INI 64) at tpi locus. Incongruent
genotyping results were observed in an intra-assemblage level, five iso-
lates (INI 21, 27, 48, 64 and 69) were classified BIII at bg locus and as
sub-assemblage BIV at the others loci.
Table 5
Multilocus genotyping results of assemblages A and B from 15 samples based on sequenc-
ing data from the β-giardin, triose phosphate isomerase and glutamate dehydrogenase
loci.

Assemblage Isolate (ID) Subtype MLG

bg tpi gdh

A INI 47, 51, 58, 60 A2 A2 A2 AII-1
INI 23 A3 A2 A4 AII-4
INI 19, 52, 59, 66 A2 A2 A4 AII-8 (proposed)
INI 17 A2 or A3 A2 A4 AII-4 or AII-8
INI 11, 41, 45 A3 A2 A2 AII-9 (proposed)
INI 44 A2 Novel A2 A4 Novel AII

B INI 48 Novel BIII BIV BIV Novel B
3.4. Heterogeneous sequencing profile in assemblage B

Regarding the assemblage B isolates, the number of sequences
showing heterogeneous nucleotides was much higher than among as-
semblage A samples. Additionally, the percentage of samples with dou-
ble peaks varied among the three different genes, being higher in gdh
locus (13 of 18; 72.2%), followed by tpi (8 of 20; 40%) and bg (4 of 16;
25%) loci (Table 7).

At the bg gene, double peaks occurred randomly at eight positions (C
or T/Y). Two samples (INI 10 and INI 69)were classified as new variants
INI 10 BIII N/A N/A
INI 21 BIII BIV
INI 26 BIII
INI 27 BIII N/A BIV
INI 28 N/A N/A N/A
INI 33 BIII BIII
INI 43 N/A BIII N/A
INI 48 BIII BIV BIV
INI 49, 53 BIII BIII N/A
INI 50 BIII BIII N/A
INI 54, 61, 67 BIII N/A N/A
INI 55 BIV
INI 56 BIII
INI 57 BIII BIII* BIII*
INI 64 BIII BIII + BIV N/A
INI 65 BIV BIV
INI 68 BIII N/A N/A
INI 69 BIII* BIV N/A

Empty spaces indicate isolates that were not sequenced; N/A indicate isolates that could
not be assigned to a specific sub-assemblage; and asterisks (*) indicate isolates containing
heterogeneous nucleotides.

ncbi-n:AY072726
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of BIII. Nonetheless two isolates (INI 28 and 43) could not be classified in
sub-assemblage due to the great number of heterogeneous nucleotides
(Table 7).

Overlapping nucleotides were observed at 25 positions in the tpi
gene and the majority occurred at positions 39, 91, 165, 168, 210 and
429 (positions used to differentiate BIII and BIV). Forty-five positions
presented double peaks at gdh gene, most of them occurred at positions
309, 357, 360, 429, 447, 519, 540, 546, 612, 699, 723, 807, 825, 834, 867
and 933 (nine of these positions have been proposed for sub-assem-
blage differentiation). The majority of samples could not be assigned
to a specific sub-assemblage at the tpi (INI 10, 27, 28, 54, 61, 67 and
68) and gdh (INI 10, 28, 43, 49, 50, 53, 54, 61, 64, 67, 68 and 69) loci
due the presence of ambiguous nucleotides in specific positions. Only
one sequence (INI 57) can be classified as BIII sub-assemblage in both
loci (Table 7).

3.5. Phylogenetic analysis

The tree obtained from the concatenated bg, tpi and gdh sequences
confirmed the monophyletic status of assemblages A and B (Fig. 1),
and presented similar results in comparisonwith the phylogenetic anal-
ysis of individual genes (Figs. 1S, 2S and 3S). The sequences distinctly
grouped together into the expected assemblages A and B. Dendrograms
were able to differentiate G. lamblia assemblages, sub-assemblages and
subtypes, with high bootstrap support.

The maximum likelihood and neighbour joining trees placed all se-
quences classified as assemblage A in one cluster with sub-assemblage
AII sequences references, with high bootstrap values. Additionally, the
analyses showed that theMLGs identified in our samples were identical
or very closely related to previously describedMLGs (AII-1 and AII-4) in
human isolates from Brazil and Europe. The proposed MLGs (AII-8 and
AII-9), as well as the new MLG (INI 44, novel AII), clustered with
MLGs previously described (Cacciò et al., 2008). The only assemblage
B isolate (INI 48) in which theMLG can be performed has been grouped
with isolates from assemblage BIV and was classified as a new MLG.

4. Discussion

This is the first study to use multilocus sequence typing (MLST) of
the bg, tpi and gdh genes to characteriseG. lamblia in Rio de Janeiro/Bra-
zil. We have looked at the genetic variability of G. lamblia isolates, iden-
tified the inter- and intra-assemblage level of genetic variation and
described two novel MLGs in assemblage A.

Sequence analysis showed that assemblage B isolates have a higher
genetic polymorphism than those from assemblage A, with heteroge-
neous nucleotides found in fourteen of twenty-one isolates. The pres-
ence of double peaks and SNPs hindered the classification of sub-
assemblages and subtypes, and, in most cases, prevented the unambig-
uous identification of MLGs. These results show that the sequenced iso-
lates displayedmainly novel polymorphisms, and that the assemblage B
isolates exhibited many more subtypes than those from assemblage A,
which is in agreement with results from various other research groups
(Cacciò et al., 2008; Lebbad et al., 2008; Minetti et al., 2015a). At the
bg locus, we identified five new subtypes and one subtype previously
described in Poland from a roe deer and a red deer (Stojecki et al.,
2015). With the tpi gene, three novel subtypes were detected and
three subtypes that have been previous reported (Monis et al., 1999;
Sulaiman et al., 2004).Four different subtypes have been identified at
the gdh locus, one new one and three that have previously been de-
scribed, one of which was detected in a horse from Colombia (Santín
et al., 2013).

Assemblage A sequences across the three studied loci showed 100%
homology with previous published sequences. Ambiguous nucleotides
in the chromatogram and sequences containing SNPs were observed
in two isolates, andwere identical with previously described sequences
(Lebbad et al., 2011;Durigan et al., 2014;). The sequence of isolate INI 44
was classified as a novel variant of subtype A2 since a single point mu-
tation suffices for the description of a new subtype (Cacciò and Ryan,
2008; Monis et al., 2009; Sprong et al., 2009). Furthermore, an SNP at
position 699 (C - T) of the gdh gene was detected in two samples
(BfR156 and BfR166) and was enough to classify the sequences as
new (novel AII) (Broglia et al., 2013).

In 2008, Cacciò et al. identified 10 different MLGs for assemblage A
on the basis of the combination of three genetic markers (bg, tpi and
gdh) and proposed the standardization of the nomenclature. The se-
quences/subtypes found in our work have already been reported, but
the combinations of them at the three MLST loci are different from
those previously described. We detected four assemblage A MLGs:
two previously described ones (AII-1 and AII-4) and two novel MLGs.
Our group therefore, suggests following the numbering scheme of
MLGs proposed by Cacciò et al. (2008) by naming these novel combina-
tions as AII-8 and AII-9. Various other authors have also observed new
MLGs with different combinations of bg, tpi and gdh (Geurden et al.,
2009; Lebbad et al., 2010, 2011; Broglia et al., 2013), and two previous
surveys (Minetti et al., 2015a; Soba et al., 2015) report the same combi-
nations of our proposed MLGs (AII-8 and AII-9).

Samples classified as assemblage A were all typed as AII, consistent
with previous studies conducted in Brazil (Souza et al., 2007; Santos et
al., 2012; Durigan et al., 2014; David et al., 2015; Colli et al., 2015;
Oliveira-Arbex et al., 2015; Faria et al., 2016). However, our results con-
trast with data obtained in Rio de Janeiro (Volotão et al., 2007), where
97% of the samples were identified as sub-assemblage AI and assem-
blage B was not detected. These findings should be analysed carefully
since genotyping data was based on a single marker (bg). Some studies
suggest that assemblage A sequences might be preferentially amplified
by the bg gene, while sequences classified as assemblage B are not am-
plified or are less amplified in this locus (Broglia et al., 2013; Durigan et
al., 2014). Our group recently detected the presence of assemblage B in
Rio de Janeiro city, and observed a change in the genetic profile over the
years, with assemblage A being prevalent until 2012 whereas an in-
creased number of cases of assemblage B was observed from 2013 to
2015 (Faria et al., 2016). In addition to changes over time in the frequen-
cy of infections with different assemblages, we also noted a switchover
in the sub-assemblages,where sub-assemblage AI was not detected and
sub-assemblage AII becamemore frequent. Thesefindings could explain
thediscrepancy between our results and those reported byVolotão et al.
(2007) on Rio de Janeiro The use of several molecular markers (MLGs)
certainly allowed us to considerably increase the characterization of G.
lamblia isolates and to reliably determine the distribution of assem-
blages in the population of Rio de Janeiro. Additionally, our results sug-
gest that zoonotic transmission is low or absent in Rio de Janeiro, at least
in relation to assemblage A,where sub-assemblage AI was not detected.

MLG approaches improve our understanding of transmission dy-
namics of human giardiasis, determine possible associations between
symptoms and assemblages and help the study of potential zoonotic
transmission (Huey et al., 2013; Ryan and Cacciò, 2013; Minetti et al.,
2015a; Thompson and Ash, 2016). However, most of the studies in Bra-
zil were based on the analysis of a singlemarker, and it is only in the last
few years that theMLST protocol has been applied (Durigan et al., 2014;
Colli et al., 2015; David et al., 2015; Oliveira-Arbex et al., 2015). For ex-
ample, Colli et al. (2015) determined the prevalence ofG. lamblia assem-
blages in Paraná (Southern Brazil) and reported the connection among
different links in the epidemiology chain using the MLG tools.

Comparing our results with other studies on Brazil, we see that re-
ported data on samples from Paraná (Colli et al., 2015) and from São
Paulo (David et al., 2015; Oliveira-Arbex et al., 2015) showed low levels
of polymorphism with no detection of heterogeneous nucleotides,
which was significantly different from the profile of our sequences. In
contrast, another study conducted in São Paulo reported a high degree
of genetic diversity, with the detection of mixed assemblages (A + B)
in 25% of the samples, the observation of overlapping nucleotides and
the identification of assemblage C in five human clinical samples



Table 7
List of heterogeneous positions in β-giardin, triose phosphate isomerase and glutamate dehydrogenase genes sequences of assemblage B.

Isolate (ID) bg

393 396 477 525 570

BIII (Ld18)* A C T T C
BIV (ISSGF4)* C T
INI 10 G T Y
INI 28 C Y
INI 43 C T
INI 69 G T Y

tpi

1 1 1 1 1 2 2 2 2
3 4 9 4 6 6 6 6 1 1 1 5
9 1 1 1 0 2 5 8 0 6 7 6

BIII (Bah12)* – – C C G G C C G C G G
BIV (Ad19)* A G T T T A
INI 10 R G Y Y Y Y
INI 27 A G Y Y R Y Y R
INI 28 G R Y Y Y R
INI 54 R G Y R Y Y R
INI 57 G G
INI 61 R G Y Y Y R
INI 67 A G Y Y Y
INI 68 R G Y Y Y R

gdh

297 309 353 354 357 360 370 390 402 429 447 486 492 498 519 540 546 561 570 576 582 597 612

BIII (Bah12c14)* – – – – – – – – – T T T C T C C C C C G G C G
BIV (Ad28)* C T C G T G G C C C C T T A
INI 10 Y C C G Y R R C C Y Y Y Y
INI 28 C Y C G Y R G C C T Y
INI 43 C Y C G Y R G C C T Y
INI 49 C Y C G Y R G C C Y T Y
INI 50 C T C G C R G Y C Y Y Y Y Y
INI 53 C Y Y G Y R G C Y Y Y Y Y Y Y Y R R
INI 54 C Y C G Y G G C C Y Y Y Y Y Y R
INI 57 C C C G T G G C C T Y
INI 61 Y Y C R Y R G C C Y Y Y Y Y Y Y Y R
INI 64 Y Y C G T G G C C Y Y Y Y Y Y R
INI 67 C C C G T G G C C Y C Y Y R
INI 68 C T C G C R G C C Y Y Y Y Y Y Y R
INI 69 Y Y C R Y R G C C Y Y Y Y Y A

Nucleotide substitutions are numbered from the ATG codon of each gene, empty spaces indicate identitywith the BIII reference sequence (GenBank accession numbers: AY072726 [Ld18] for bg, AF069561 [Bah12] for tpi, and EF685684 [Bah12c14] for
gdh). Asterisks (*) indicates reference sequences obtained from GenBank. Heterogeneous positions are in bold and the dash (−) indicates deletion.
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Table 7 (continued)

Isolate (ID) bg

570 606 615 636 714 717
BIII (Ld18)* C C C C C C
BIV (ISSGF4)* T T T C – –
INI 10
INI 28 Y Y Y Y Y Y
INI 43 T Y Y Y Y
INI 69

tpi

2 2 2 2 3 3 3 3 4 4 4 4 4 5 5
6 7 8 9 0 1 8 9 0 2 7 8 8 0 1
4 1 0 7 4 2 1 3 2 9 1 3 6 4 0

BIII (Bah12)* G C A A A C C C A G A A G C G
BIV (Ad19)* A
INI 10 M
INI 27 R
INI 28 R M R
INI 54 R Y
INI 57 R Y
INI 61 Y M
INI 67 Y R R Y R C G A
INI 68 R

gdh

615 624 660 687 690 699 702 705 723 738 756 807 815 825 834 841 843 867 894 897 921 933

BIII (Bah12c14)* A A C C G T C T C G T G A A C C C C C C G T
BIV (Ad28)* C T T G A C
INI 10 Y Y Y K R C
INI 28 Y Y Y R K Y Y Y
INI 43 C K R T Y C
INI 49 Y R K Y Y C
INI 50 Y T T T C
INI 53 C Y K Y Y Y
INI 54 R C Y Y T C K R Y Y
INI 57 C K G T T C
INI 61 C Y Y K R R Y
INI 64 T T C
INI 67 R R Y Y T R Y Y Y R Y
INI 68 R Y Y Y R Y T R Y Y C
INI 69 T G Y R Y
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Fig. 1. Phylogenetic relationship of G. lamblia isolates constructed by neighbour-joining analysis of concatenated bg, tpi and gdh nucleotide sequences. Multilocus genotypes from a
previous study (Cacciò et al., 2008) are indicated in bold. Symbol (●) indicates nodes branches conserved when the tree was reconstructed using maximum likelihood. Optimal
nucleotide substitution model was Tamura-Nei, and only bootstraps values N80% are shown.
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(Durigan et al., 2014). Discrepancies are likely to be found between the
different studies accomplished in Brazil, mainly because the country is
so vast and the cultural, behavioural and social diversity of the popula-
tion so varied.

The successful amplifications of the three studied loci behaved dif-
ferently. The tpi and gdh genes were amplified in 57% and 49% of sam-
ples, respectively, while the bg gene had the lowest rate of
amplification (48%). In some studies, it has been observed that the tpi
gene had the highest amplification success, followed by gdh and bg
(Huey et al., 2013; Durigan et al., 2014; Oliveira-Arbex et al., 2015).
Other groups have also reported differences in the amplification rate
for different genetic loci (David et al., 2015;Minetti et al., 2015a). Sever-
al factorsmay influence the PCRefficiency, such as thequality and quan-
tity of DNA templates and the presence of inhibitors (Wilke and
Robertson, 2009). The stool samples were stored at −20 °C without
preservatives before DNA extraction. Probably the freezing for several
months (or years) may have led to degradation of the cysts/DNA of G.
lamblia. Minetti et al. (2015b) had similar results, where the overall
PCR amplification success of the samples varied accordingly to the
year of collection and the time from collection to DNA extraction.
When the DNA was extracted within one month of collection, the am-
plification success rate was higher compared with amplification of
older specimens (Faria et al., 2016). Possibly the DNA region between
the PCR primers and the genomic sequences were degraded, or there
were nucleotide mismatches, which may cause a strong reduction or
even a lack of amplification, especially considering that the three
genes used were single copies (Broglia et al., 2013; Thompson and
Ash, 2016). The presence of PCR inhibitors in stool samples, such as bil-
irubin, bile salts, hemoglobin, phenolic compounds, and complex poly-
saccharides, which are co-purified together during DNA extraction,
also limited the success of amplification.

Congruent genotyping results were obtained at the three genetic
loci investigated, which is in contrast with some previous reports
(Cacciò et al., 2008; Sprong et al., 2009; Huey et al., 2013). However,
discordant intra-assemblage assignment was observed in assem-
blage B isolates (INI 21, 27, 48, 64 and 69): the bg locus was not con-
sistent with the other two loci (tpi and gdh). Inconsistent results
were also observed at sub-assemblage level when these results
were compared with data previously reported by our group (Faria
et al., 2016) Six samples (INI 10, 50, 54, 61, 67 and 68) that were ge-
notyped by PCR-RFLP as mixtures of sub-assemblages BIII and BIV
were classified as sub-assemblage BIII by sequencing analysis in
this study. Mixed patterns of alleles have been observed, which
may be the result of recombination between different assemblage B
subtypes (Lebbad et al., 2011).

Two principalmechanisms can explain both the lack of agreement in
the assignment of assemblages in different loci and the occurrence of
DNA sequences with overlapping nucleotides: allelic sequence hetero-
zygosity (ASH) and mixed infections. Giardia has two diploid nuclei
which may accumulate specific mutations independently, and this
could generate ASH; in addition, mixed infections may lead to the pres-
ence of genetically different cysts in the same sample and can occur at
the inter- and intra-assemblage levels. Although the occurrence of
ASH between the two nuclei of a single cyst and also between different
cysts has been demonstrated, the reasons for different ASH levels be-
tween assemblages A and B is not yet understood (Ankarklev et al.,
2012). According to the literature, the sub-assemblage AI genome
displays a very low level of ASH compared with assemblage B and
sub-assemblage AII (Cacciò and Sprong, 2010; Ankarklev et al., 2012;
Ankarklev et al., 2015). The occurrence of ASH complicates the assign-
ment of specific subtypes, especially for assemblage B, and it is very dif-
ficult to distinguish between ASH and mixed infections. Another
possible explanation for the presence of double peaks is the occurrence
ofmeiotic recombination,which suggests the potential for sexual repro-
duction in Giardia, although the evidence of sex still elusive (Birky,
2010; Cacciò and Sprong, 2010).
It is important to emphasize that we did not find any mixed
infections of assemblages A and B. Sometimes, the failure to detect
mixed infections does not mean that they are not present, but that
one assemblage or sub-assemblage has been preferentially ampli-
fied over another at one locus (Ryan and Cacciò, 2013). To prevent
this, three different assemblage-specific primers (tpi, gdh and
orfC4) were used (Faria et al., 2016), and it was confirmed that
mixed infections were not present in the samples studied. It there-
fore seems that the occurrence of double peaks is not the result of
mixed infections of assemblages A and B, but may be caused either
by there being multiple subtypes in the same sample or the occur-
rence of ASH.

Recently, an increase in sequence information and the description of
new sequences/subtypes have been reported (Ryan and Cacciò, 2013;
Durigan et al., 2014; Minetti et al., 2015a; Nunes et al., 2016). Even iso-
lates classified as assemblage A (for example, INI 17 and INI 44), that
show less variability than B, could not be classified under the previous
MLST nomenclature proposal (Cacciò et al., 2008). MLG is a useful
subtyping tool for assemblage A but less valuable for assemblage B be-
cause of the high frequency of heterogeneous positions in the chro-
matogram. As suggested previously, a re-evaluation of the current
molecular epidemiologicalmethods and the development of new target
regions of the genome with lower substitution rates may facilitate the
study of assemblage B (Ankarklev et al., 2012; Wielinga et al., 2015).

A number of studies have been carried out with different research
groups in various countries, reporting correlations between assem-
blages and symptoms (Pestechian et al., 2014; Puebla et al., 2014;
Minetti et al., 2015b). However, in our study no significant association
was found between the clinical manifestation and assemblages, proba-
bly because of the small number of genotyped samples.

This is the first report to use MLST to genetically characterise G.
lamblia human isolates in Rio de Janeiro, Brazil. The identification of
the novel subtypes in both assemblages and the description of novel as-
semblage A MLGs reflect the genetic distribution of the parasite. Our
work provides a new insight into the genetic diversity of parasites and
improves our understanding of the epidemiology of the disease by elu-
cidating the dynamics of giardiasis in the population of Rio de Janeiro. It
has shown that MLST should be applied in the characterization of G.
lamblia in Brazil and elsewhere. Further studies on themolecular epide-
miology are imperative, since the parasite was found to vary widely in
Brazilian isolates and this knowledge is crucial for both veterinary and
public health researchers.
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