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RESUMO 

MARTINS, J. A. Genotipagem de Giardia duodenalis: detecção de infecções mistas e 
recombinações gênicas em amostras de origem humana. [Genotyping of Giardia duodenalis: 
detection of mixed infection and genetic recombination in samples of human origin]. 2015. 40 
f. Tese (Doutorado em Ciências) – Faculdade de Medicina Veterinária e Zootecnia, 
Universidade de São Paulo, São Paulo, 2015. 
 

Giardia duodenalis é um protozoário de distribuição mundial responsável por causar 

infecções entéricas em uma grande variedade de mamíferos, incluindo os humanos. Mesmo 

apresentando pouca variação em sua morfologia, os isolados podem ser diferenciados, de 

acordo com análises de proteína e polimorfismo de DNA, em pelo menos oito agrupamentos 

genéticos distintos, denominados assemblages (A-H). Apenas os assemblages A e B têm sido 

reportados em humanos e outros mamíferos. Isolados de assemblage A podem, ainda, ser 

divididos em quatro sub-assemblages (AI, AII, AIII e AIV). Sequencias heterogêneas têm 

sido frequentemente identificadas em estudos de caracterização molecular envolvendo 

amostras contendo múltiplos cistos do parasita. Buscando estudar a ocorrência dos eventos de 

heterozigose de sequencia alélica (ASH) e recombinação gênica, o presente trabalho teve 

como objetivo isolar cistos de G. duodenalis empregando-se a técnica de micromanipulação e 

caracterizá-los molecularmente através da análise multilócus envolvendo os genes gdh, tpi, 

orfC4 e bg. Dez cistos foram individualizados e utilizados na pesquisa. Todos foram 

igualmente identificados por todos os genes, nove cistos caracterizados como assemblage AII 

e um cisto caracterizado como assemblage B. Os cromatogramas oriundos do cisto 

identificado como assemblages B apresentaram diversos sítios heterogêneos nos genes gdh, 

bg e orfC4, sendo que, nesses dois últimos, observaram-se sobreposições dos alelos AII e B 

no produto sequenciado (heterozigose inter assemblage). Os produtos de PCR foram clonados 

e as sequencias obtidas revelaram a ocorrência dos dois alelos neste único cisto. Os sítios 

polimórficos encontrados nas sequencias do gene gdh indicaram heterozigose intra 

assemblage B. Embora ASH já tenha sido relatada em cistos individualizados de G. 

duodenalis, estes são os primeiros resultados indicando a presença dos dois alelos, 

simultaneamente, em um único indivíduo. Esses resultados demonstram fortes evidências que 

ocorre troca genética entre indivíduos geneticamente distintos de G. duodenalis. 

 

Palavras-chaves: Giardia duodenalis. Micromanipulação. ASH. Recombinação genética. 

 



ABSTRACT 

MARTINS, J. A. Genotyping of Giardia duodenalis: detection of mixed infection and 
genetic recombination in samples of human origin. [Genotipagem de Giardia duodenalis: 
detecção de infecções mistas e recombinações gênicas em amostras de origem humana]. 2015. 
40 f. Tese (Doutorado em Ciências) – Faculdade de Medicina Veterinária e Zootecnia, 
Universidade de São Paulo, São Paulo, 2015. 
 

Giardia duodenalis is a worldwide distribution enteric protozoan responsible for causing 

infections in a wide variety of mammals, including humans. Even showing little change in 

their morphology, isolates can be distinguished, according to the analysis of proteins and 

DNA polymorphisms in at least eight distinct genetic groups, known assemblages (A - H). 

Only assemblages A and B have been reported in humans and other mammals. Isolates of 

assemblage A also can be divided into four sub-assemblages (AI, AII, AIII and AIV). 

Heterogeneous sequences have been frequently identified in studies involving molecular 

characterization of samples containing multiple cysts of the parasite. Seeking to study the 

occurrence of allelic sequence heterozygosity (ASH) and genetic recombination events, the 

present study aimed to isolate G. duodenalis cysts employing the micromanipulation 

technique and characterize them molecularly through multilocus analysis involving gdh, tpi, 

orfC4 and bg genes. Ten cysts were individualized and used in the research. All cysts were 

equally identified for all genes; nine cysts were characterized as assemblage AII and one 

characterized as assemblage B. The chromatograms derived from the cyst identified as 

assemblage B presented many heterogeneous sites in gdh, bg and orfC4 genes, and in these 

last two, there were overlaps of alleles AII and B in the sequenced product (heterozygous 

inter assemblage). PCR products were cloned and the sequences obtained revealed the 

occurrence of two alleles at this single cyst. The polymorphic sites found in the sequences of 

the gdh gene indicated intra heterozygosity assemblage B. Although ASH has already been 

reported in G. duodenalis individualized cysts, these are the first results indicating the 

presence of two alleles simultaneously in a single individual. These results demonstrate strong 

evidence that genetic exchange occurs between individuals genetically distinct of G. 

duodenalis. 

 

Keywords: Giardia duodenalis. Micromanipulation. ASH. Genetic recombination. 
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I. Multilocus amplification of genomic DNA from single cysts of Giardia duodenalis 

separated using micromanipulation technique. 

 

Juliana Martins Aguiar1; Sheila Oliveira da Silva1; Valdir Antônio dos Santos2; Giselle Ayres 

Razera Rossa1; Sueli Akemi Taniwaki1; Fabio Gregori1; Lara Borges Keid3, Rodrigo Martins 

Soares.1 
1Departamento de Medicina Veterinária Preventiva e Saúde Animal, Faculdade de Medicina 

Veterinária e Zootecnia, Universidade de São Paulo, São Paulo, SP, Brasil. 
2Departamento de Farmácia e Laboratório Clínico do Hospital Universitário, Universidade de 

São Paulo, São Paulo, SP, Brasil. 
3Faculdade de Zootecnia e Engenharia de Alimentos, Departamento de Medicina Veterinária, 

Faculdade de Zootecnia e Engenharia de Alimentos, Universidade de São Paulo, São Paulo, 

SP, Brasil. 

 

ABSTRACTS 

 

Giardia duodenalis is divided into at least eight groups, named assemblages A to H. 

Assemblages A and B are the only ones able to infect humans and other mammals. The 

species status for these assemblies is a moot point, but has not gained general acceptance 

because sexual activity in Giardia is not completely understood. Heterozygosity in Giardia 

duodenalis can be detected through simultaneous identification of multiple loci in single cysts 

or trophozoites. In this paper, we describe a technique that enables simultaneous detection of 

fragments from four genes from single cysts of Giardia duodenalis recovered from stool 

samples. Each cyst from a fecal sample of human origin was separated, the DNA was 

extracted and amplified by means of multiplex PCR directed to four genes and the multiplex 

PCR product was further re-amplified using four single PCR (one for each gene). The 

following loci were detected: beta giardin (bg), GLORF-C4 (orfC4), triose phosphate 

isomerase (tpi) and glutamate dehydrogenase (gdh). This procedure should make it possible to 

investigate multiple genes from a single cyst of Giardia duodenalis assemblage A or B. 

 

Keywords: Giardia duodenalis, cysts, multilocus PCR, micromanipulation. 
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1. INTRODUCTION 

 

Giardia duodenalis (synonyms: G. intestinalis and G. lamblia) is an enteric parasite 

that affects a large variety of domestic and wild animals and also humans (Ryan, Caccio, 

2013). Giardia duodenalis has been described as a complex species in which the isolates 

present few morphological variations but can be differentiated into at least eight genetic 

groupings called assemblages (A to H) (Caccio, Ryan, 2008). Assemblages A and B are the 

only ones capable of infecting not only humans but also other mammals, and are therefore 

considered potentially zoonotic (Lalle et al., 2005; Sprong et al., 2009). The other 

assemblages seem to be confined to specific hosts. Several genetic markers have been used to 

differentiate the assemblages of Giardia duodenalis (Ryan, Caccio, 2013), and the 

commonest of these comprise investigations of molecular diversity: small subunit ribosomal 

RNA (SSU rRNA); beta-giardin (bg); glutamate dehydrogenase (gdh); elongation factor 1-α 

(el1α); triose phosphate isomerase (tpi); GLORF-C4 (orfC4); spacer region of ribosomal 

RNA; ferredoxin (fd); histone H2B (H2B); histone H4 (H4); mlh1 (mlh); and ribosomal 

protein L7a (rp) (Monis et al., 1999; Caccio et al, 2002; Lasek-Nesselquist et al., 2009; 

Almeida et al, 2010).  

 In the present study, we describe a protocol that enables molecular identification of 

Giardia duodenalis cysts individually. Each cyst in a fecal sample is separated out and its 

DNA is extracted and then amplified by means of multiplex PCR directed towards four genes. 

Following this, the product from the multiplex PCR is re-amplified using four different PCRs 

(one for each gene), in nested PCR format. This technique makes it possible to study the 

presence of gene sequences originating from a single cyst and thus to ascertain whether this 

cyst has different copies from a single allele, with the possibility of elucidating questions 

relating to allele sequence heterozygosity and gene recombination. 

 

 

2. MATERIAL AND METHODS 

 

Two feces samples of human origin that were positive for G. duodenalis, from 

individuals without any clinical symptoms of the infection, were used. The Ethics Committee 

of the University Hospital of the University of São Paulo had given approval for usage of the 

clinical samples.  



15 

 

Each fecal sample was subjected to the technique of centrifugation-floatation in 

sucrose (modified Sheather technique) (Sheather, 1923) described elsewhere (Souza et al. 

2007). 

The cysts were recovered on a sterile Petri dish, after washing the slide and cover slip 

that had been used in observing the cysts, using 1.5 mL of TE buffer (10 mM Tris-HCL pH 

8.0; 1 mM EDTA pH 8.0). The product thus obtained from washing was transferred from the 

dish to a microtube of capacity 1.5 mL and this was then centrifuged at 12,000 g for 10 

minutes. The supernatant was discarded, 1 mL of the same buffer was added and 

centrifugation was performed again under the same conditions as before. The supernatant was 

again discarded and the sediment containing the G. duodenalis cysts was immediately 

subjected to a micromanipulation technique. 

This micromanipulation was performed with the aid of an inverted Nikon Eclipse 

TS100 microscope, sterile Petri dishes and a device constructed in the laboratory for this 

study, composed of the following materials: microhematocrit capillary tube with the tips 

tapered by means of heat treatment (molded in the same way as a Pasteur pipette), filter for 

syringe with pore size of 0.22 µm, tubing for serum and tip of  20 µl with filter. Aspiration 

was done with the help of a P20 micropippete (P20 Pipetman®, Gilson Inc, WI, USA).  

Approximately 20 µL of each sediment containing the parasite cysts recovered as 

described above were diluted in a drop of 20 µL of TE placed on a sterile Petri dish. This 

procedure was repeated successively in serial dilutions while maintaining the same 

proportions (volume/volume), until a drop of 20 µL was obtained at a concentration that 

would result in microscope fields with very low cyst density (one cyst for every five 

microscope fields examined). The observations were made using an inverted microscope at a 

magnification of 200 X. Each cyst was aspirated and transferred to a microtube for PCR with 

a capacity of 200 µL that already contained 5 µL of TE. Each cyst was aspirated with a 

volume of approximately 1 µL of TE. Thus, each 200 µL tube that was used for cyst recovery 

contained a final volume of 6 µL of TE. 

DNA extraction was performed in the same microtubes in which the Giardia 

duodenalis cysts had been isolated. A further 5 µL of TE were added to the 6 µL of TE 

suspension containing the individualized cyst, and the suspension was then frozen at a 

temperature of -20 °C for 24 hours. This was then defrosted at room temperature and 1 µL of 

proteinase K (20 mg/ml) was added. The suspension was subjected to two incubation periods: 

firstly for 12 hours at 37 °C and secondly for 15 minutes at 95 °C. 
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Four pairs of primers were used simultaneously for amplification of fragments of the 

genes gdh, tpi, orfC4 and bg (Table 1). The primers were designed on sites that are common 

to sequences of Giardia duodenalis assemblages A and B that are available in GenBank. 

Primers to tpi are at the same binding sites as primers AL3544 and AL3545 described 

elsewhere (Sulaiman et al. 2003). Primers to orfC4 are based on consensus sequences to 

AF293413, XM001704865, AJ291756, and M90390. 

 

Table 1. Primers used for amplifying Giardia duodenalis cysts that have been individualized 
using the micromanipulation method. 
 

Name1 Length2 Sequence3 

TPI16F22 520 CCCTTCATCGGIGGTAACTTCA 

TPI515R21 
 

ACGCCCGTGCCRATRGACCACA 

ORFIV231F20 433 GCTCATCWTCGTCCTCTAGC 

ORFIV644R20 
 

GCATACGAYGCRACGACCTT 

GDH418F21 550 GTCATGCGCTTCTGCCAGTCC 

GDH947R21 
 

CGCARGGCATGATGCAATCCA 

BG268F22 383 ATCAAGGAGGAGATCGACACCA 

BG633R18  ATCTCCGAGGCGACGTTC 

 

1Names of primers, 2expected lengths of base pairs in the fragments amplified and 3primer 
sequences. The positions identified with the letters W, R and Y constitute degenerated 
positions, following the IUPAC code. The letter I corresponds to inosine. BG: beta giardin. 
ORFIV: GLORF-C4. TPI: triose phosphate isomerase. GDH: glutamate dehydrogenase. 
 

 

The following reagent mix was added to each microtube from which the cysts had 

been extracted (containing 11 µL of TE and digested cyst): 29.2 µL of ultrapure water; 1 µL 

of dNTP (10 mM of each nucleotide); 5 µL of 10X PCR buffer (Platinum® Taq Polymerase, 

Invitrogen); 1 µL of each primer (sense and antisense) (10 pmol/µL); 1.5 µL of MgCl2 (50 

mM); and 0.3 µL Taq DNA Polymerase (5 U/µL) (Platinum® Taq Polymerase, Invitrogen). 

Following this, four nested PCRs were performed using samples of 5 µL of the 

product obtained from multiplex PCR, which had previously been treated using enzymes of 

the ExoSAP-IT kit (USB® ExoSAP-IT® PCR product cleanup), in accordance with the 
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manufacturer’s recommendations. This was done in order to be able to eliminate residues of 

unincorporated nucleotides, primers and other molecules from single-strand nucleic acids. 

Each nested PCR was performed in a different microtube. The primers used in the 

nested PCRs were same as those used in the multiplex PCR. The following reagent mix was 

added to each microtube: 23.2 µL of ultrapure water; 1 µL of dNTP (10 mM of each 

nucleotide); 5 µL of 10X PCR buffer (Platinum® Taq Polymerase, Invitrogen); 1 µL of each 

primer (sense and antisense) (10 pmol/µL); 1.5 µL of MgCl2 (50 mM) and 0.3 µL of Taq 

DNA polymerase (5 U/µL) (Platinum® Taq Polymerase, Invitrogen). 

The thermocycling conditions for all the reactions were: initial denaturing at 95 °C for 

2 minutes, followed by 35 cycles of denaturing at 95 °C for 30 seconds, hybridization at a 

temperature of 60 °C for 20 seconds and extension at 72 °C for 20 seconds; and a final 

extension at 72 °C for seven minutes. The cycle was performed in Veriti™ Thermal Cycler 

equipment (Applied Biosystems). 

The amplified products were viewed by means of the technique of electrophoresis on 

1.5% agarose gel stained using a 0.5 µg/mL solution of ethidium bromide as described 

(Sambrook and Russel, 2001). 

 

 

3. RESULTS AND DISCUSSION 

 

Micromanipulation of Giardia duodenalis for molecular identification is not a novel 

procedure. Ankarklev et al. (2012) demonstrated that heterozygosity occurs in Giardia 

duodenalis of human origin, through using micromanipulation with multilocus analysis to 

individually identify cysts and trophozoites of the parasite. The procedure described by those 

authors was essentially similar to what was described in the present study, but it differed in 

the method used for DNA extraction and also in the number of loci analyzed. In both cases, 

the extraction and multiplex PCR were performed in the same tube that was used for 

collecting the cyst that had been isolated. However, in the study by Ankarklev et al. (2012), 

only two loci were analyzed (loci bg and tpi) and the nested PCR was performed using a 

multiplex reaction. 

In the protocol described here, four loci were amplified simultaneously during the 

multiplex PCR, but the nested PCRs were performed individually, in different tubes. 

Furthermore, in the present protocol, use of ExoSAP-IT was recommended (USB® ExoSAP-

IT® PCR product cleanup) for digestion of residues of primers and single strands that were 
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present in the multiplex PCR mix that would be used as the target in the subsequent PCR, so 

as to avoid occurrences of multiple spurious bands that might make it difficult to identify the 

bands of interest.  

Ankarklev et al. (2012) used two methods for cyst extraction: firstly based only on 

freezing and defrosting the cyst and secondly using the DNAreleasy kit. They considered that 

the protocol using the kit was better than the other protocol because after the final products 

had been sequenced, double-peak sequences were only recorded in samples extracted by 

means of the kit, thus probably indicating better reaction efficiency, since more than one 

allele seemed to have been amplified. Likewise in our study, with the aim of optimizing the 

DNA extraction process, we evaluated two protocols for extracting individualized cysts: one 

in which 1 µL of proteinase K (20 mg/ml) and 1 µL of TritonX-100 (10%) were added to the 

individualized cyst and the other without addition of detergent. The protocol using proteinase 

K along was superior to the protocol with addition of TritonX-100. Two groups of six cysts 

each were tested with each of the protocols. In the group treated with proteinase K, all the 

cysts presented amplification of all four genes. In the other group, only two cysts presented 

amplification of all four genes and the other four cysts presented amplification of the genes tpi 

and orfc4 (data not shown). 

The complete procedure using DNA extraction with proteinase K was repeated twice 

in order to test the repeatability of this method. In the first test, eight of the ten cysts presented 

amplification of all of the genes and in the second, 10 of the 14 cysts showed amplification of 

all of the genes.  

The need to use the reagent ExoSAP-IT was noted after we observed that suppression 

of this stage could impair the diagnosis because this would lead to occurrences of many 

spurious bands, thereby causing difficulty in the processes of DNA purification and isolation 

of the bands of interest. These occurrences are certainly due to excess single-strand DNA, 

which accumulates in the multiplex PCR mix and ends up impairing the next reaction, i.e. the 

assemblage-specific nested PCRs. 

In the present study, it was also necessary to adapt the quantities of reagents and 

temperatures to be used in the PCR cycles. With the aim of minimizing nonspecific 

amplifications, preference was given to a cycle with short times for hybridization and chain 

lengthening (20 seconds for both of these) and a hybridization temperature of 60 °C. 

It is also important to emphasize the possibility of contamination in the cyst samples. 

It is possible that the cyst samples recovered during the isolation process might contain free 

DNA originating from degraded cysts. For this reason, it is highly recommendable that the 
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procedures should be performed on cyst samples that have not been previously frozen and 

defrosted, since this would theoretically facilitate occurrences of free DNA in the sample. 

Differentiation between free DNA and DNA originating from individualized cysts would not 

be possible. 

Certification that only one cyst had been isolated was done through examination of the 

volume aspirated with the cyst once again. After recovery, the cyst was again placed in a Petri 

dish. The volume pipetted was inspected under a microscope and the material was aspirated 

again and transferred to a microtube. This procedure may have impaired the sensitivity of the 

test because of the possible loss of the cyst, although this is a way of ensuring that only one 

cyst has been manipulated. The negative control for the procedure consisted of aspiration of a 

volume of TE without any cyst. Verification of absence of any cyst in the aspirated sample 

was done in a manner that was identical to the procedure that would have been used if a cyst 

had been aspirated. In addition, this procedure was done to test whether there was residual 

DNA in the preparation. 

 

 

4. CONCLUSION 

 

In conclusion, the protocol developed in this study is a promising method that enables 

simultaneous identification of four gene fragments and can be extended to conventional 

investigations in samples from multiple cysts. Micromanipulation to isolate single cysts of 

Giardia duodenalis is a viable procedure: the present results corroborate those described 

previously (Ankarklev et al. 2012) and enable investigation of heterozygosity in this 

protozoan species. Furthermore, this protocol can be extended for application in cases of 

experimental infection when inocula containing a single cyst need to be obtained. 
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SUMMARY 

 

Giardia duodenalis is divided into eight assemblages (named A to H). Isolates of assemblage 

A are divided into four sub-assemblages (AI, AII, AIII and AIV). While isolates of sub-

assemblage AII are almost exclusively detected in human hosts, isolates of assemblage B are 

encountered in a multitude of animal hosts and humans. Here, we have isolated single cysts of 

G. duodenalis from human stool sample, and one of them had overlaps of assemblage AII and 

B alleles and an unexpected high number of alleles of beta-giardina (bg) and GLORF-C4 

(orfC4) genes. In addition, one of the bg alleles of that cyst had a sub-assemblage AII 

fragment interspersed with fragments of assemblage B, indicating that this allele may be a 

recombinant between sequences A and B. Our results are unprecedented and put a check on 

the statement that different assemblages of G. duodenalis represent species with different host 

specificities.  

 

KEYWORDS 

Giardia duodenalis, micromanipulation, Heterozygosity, genetic recombination, cysts. 
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HIGHLIGHTS 

 

• Allelic sequence heterozygosity in single cysts of Giardia duodenalis; 

• Simultaneous occurrence of Assemblages A and B sequences in one single cyst of Giardia 

duodenalis; 

• Recombinant beta-giardin strand between Assemblage A and B in one single cyst of Giardia 

duodenalis. 

 

 

1. INTRODUCTION 

 

Giardia duodenalis (synonymies: G. intestinalis and G. lamblia) is an enteric parasite that 

affects a wide variety of domestic animals, wildlife and humans. One of the most common 

causes of protozoal diarrhea worldwide, giardiasis can occur in both temperate and tropical 

regions  (Ryan and Caccio, 2013). In developed countries, the prevalence of giardiasis in 

humans varies from 0.4 to 7.5%, but in developing countries this figure may be much higher 

and up to 30% of the population may be affected (Feng and Xiao, 2011). The symptoms of 

giardioses vary widely, from asymptomatic infection to acute or chronic diarrhea 

accompanied by dehydration, nausea, vomiting and weight loss (Caccio and Ryan, 2008). 

Giardia duodenalis is a species complex, and the isolates from the various hosts have no 

detectable morphological differences, though remarkable variation exists at molecular level. 

Based on molecular characterization, the species is divided into at least eight groups, named 

assemblages A to H (Caccio and Ryan, 2008). Giardia duodenalis can be typed  by a number 

of PCR assays, among them, those targeted to beta-giardina (bg); glutamate dehydrogenase 

(gdh); triose phosphate isomerase (tpi); and GLORF-C4 (orfC4) (Monis et al. 1999; Cacciò et 

al. 2002; Sulaiman et al. 2003; Almeida et al. 2010). A list of the currently available markers 

for Giardia typing is given elsewhere (Ryan and Caccio, 2013). 

The assemblages A and B of Giardia duodenalis are the only ones able to infect humans 

and other mammals, therefore being considered potentially zoonotic (Lalle et al., 2005; 

Sprong et al., 2009). Isolates of assemblage A can be divided into four “sub-assemblages” 

(AI, AII, AIII and AIV). While isolates of sub-assemblage AII are almost exclusively 
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detected in human hosts, isolates of assemblage B are encountered in a multitude of animal 

hosts and humans (reviewed in Ryan and Caccio, 2013). 

However, the division of genetically distinct assemblages of Giardia duodenalis into a 

species complex has been contested, as indicated by demonstration of allelic sequence 

divergence within isolates, coupled with the identification of an intra- and interassemblage 

recombination (Lasek-Nesselquist et al. 2009). 

Allelic sequence heterozygosity (ASH) in populations of assemblage B cysts is widely 

reported, but much less in assemblage A cysts (Gelanew et al. 2007; Lebbad et al. 2008). The 

presence of genetically different cysts in faecal sample and the finding of different levels of 

ASH in the genome of Giardia duodenalis assemblages A and B have been puzzling 

epidemiologists and complicating the understanding of the molecular epidemiology of 

giardiasis (Morrison et al. 2007; Lebbad et al. 2008; Franzen et al. 2009; Sprong et al. 2009). 

Unlike other organisms, Giardia duodenalis can not be routinely cultured, thus ASH, genetic 

recombination and mixed infections can be more readily differentiated through molecular 

analysis of a single Giardia cyst (Ankarklev et al. 2012).  

Here, we focused on the study of a single stool sample originally diagnosed as Giardia 

duodenalis sub-assemblage AII in order to investigate the heterogeneous sequences. We have 

isolated cysts of Giardia duodenalis by using the micromanipulation technique. Each cyst was 

identified by using multilocus analysis for the detection genetic recombination and / or ASH. 

 

 

2. MATERIAL AND METHODS 

 

A stool sample of human containing Giardia cysts was subjected to sucrose flotation 

(Sheather, 1923, with modifications). Approximately 2g of fecal material was mixed to 11 ml 

sucrose solution (d = 1,203g / cm3) and the homogenate was filtered thorough sterile gaze. 

Filtered solution was centrifuged in 15 ml conical tubes at 2000 x G for 10 minutes. Floated 

cysts were recovered from the top with the aid of a bacteriological loop and transferred to 

microtubes containing 500µL of TE (10mM TrisHCL pH 8,0; 1mM EDTA pH 8,0). The cysts 

were washed twice and ressuspended in 50 µL TE. 
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Approximately 25µL of the cyst solution prepared above were serially diluted in drops of 

25µL of TE evenly distributed on a sterile Petri dish. The drop that contained a number of 

cysts that allowed microscopic observation of rare cysts (1-3 cyst per microscopic field 

viewed at 400x magnification) were selected for the micromanipulation procedure. The 

inverted microscopic analysis were done with the aid of a Nikon eclipse TS100. 

Each cyst was aspirated with approximately 1 µL of TE and this volume was transferred 

to 200 µL PCR microtubes that was previously filled with 5 µL of TE. Then, 1µL of 

proteinase K (20mg/ml) was added to each tube and the mixture was incubated at 37°C 

overnight and then at 95°C for 10 minutes. Ten cysts were separated (named C1, C2, C3, C4, 

C6, C7, C8, C10, C11, C12,). Additionally, two PCR microtubes were filled with ten cysts 

each to serve as positive control (named C+1 and C+2). 

Each PCR microtube containing digested cyst was filled with the following multiplex 

PCR mix: Taq DNA polymerase platinum (InvitrogenTM, Carlsbad, CA, USA), tpi, bg, gdh 

and orfc4 primers (Table 1), deoxyribonucleotide triphosphates and MgCl2 at a final 

concentration of 1.25 Units/50 µl, 0.5 µM (each primer pair), 200 µM and 1.5 mM, 

respectively. Five microliters of the buffer supplied with the enzyme was included in the PCR 

mixture. The PCR cycling conditions were 94◦ C for 3 min, followed by 40 cycles of 94◦ C 

for 30 s, 60◦ C for 20 s and 72◦ C for 20 s. The PCR was finished with a final extension of 72◦ 

C for 5 min. 

 

Table 1. Primers used to amplify genetic sequences of single cysts of Giardia duodenalis 
separated by micromanipulation. 
 

Name1 Lenght2 Sequence3 

TPI16F22 520 CCCTTCATCGGIGGTAACTTCA 

TPI515R21 
 

ACGCCCGTGCCRATRGACCACA 

ORFIV231F20 433 GCTCATCWTCGTCCTCTAGC 

ORFIV644R20 
 

GCATACGAYGCRACGACCTT 

GDH418F21 550 GTCATGCGCTTCTGCCAGTCC 

GDH947R21 
 

CGCARGGCATGATGCAATCCA 

BG268F22 383 ATCAAGGAGGAGATCGACACCA 

BG633R18  ATCTCCGAGGCGACGTTC 
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1Name of the primers, 2expected sizes in base pairs of the amplified fragments, and 3primer 
sequences. The positions identified with the letters W, R and Y are degenerate positions 
following IUPAC code. The letter I represents inosine. BG: beta giardina. ORFIV: GLORF-
C4. TPI: triose phosphate isomerase. GDH: glutamate dehydrogenase. 
 

 

Five microliters of the multiplex PCR products from each cysts were digested using 2 µL 

EXoSap-IT® (Affymetrix™, USB® Products, Ohio, USA) and the resulting mixture were 

amplified by four nested PCRs, each of them based on a different gene (gdh, orfc4, bg and 

tpi). The nested PCR mix contained Taq DNA polymerase platinum (InvitrogenTM, Carlsbad, 

CA, USA), primers, deoxyribonucleotide triphosphates and MgCl2 at a final concentration of 

1.25 Units/50 µl, 0.5 µM (each primer pair), 200 µM and 1.5 mM, respectively. Five 

microliters of the buffer supplied with the enzyme was included in the PCR mixture. The PCR 

cycling conditions were the same as for multiplex PCR.  

Each primer set targeted consensus regions from multiple alignments between 

homologous sequences of Giardia duodenalis assemblages A and B. The entire protocol 

above have been described elsewhere (Martins et al. 2015 in press). 

The PCR products were observed through electrophoresis on a 2% agarose gel. Bands 

were excised from the gel and purified by using GE Healthcare kit (Illustra, GFX PCR DNA 

and GEL Band Purification Kit) according to the manufacturer’s instructions. The products 

were then sequenced using the ABI PRISM BigDye® Terminator v3.1 kit (Ready Reaction 

Cycle Sequencing, Applied Biosystems). DNA was purified by alcohol precipitation and 

sequencing products were analyzed on an automated sequencer (3500 Genetic Analyzer). 

Sequences were assembled and the contig formed with the phred-base calling and the phrap-

assembly tool available in the suite Codoncode aligner v.4.2.1. (Codoncode Corp. Dedham, 

MA, USA). The edited sequences were aligned with Clustal W, available in the suite BioEdit 

Sequence Alignment Editor (Hall, 1999), based on homologous sequences available in 

GenBank. 

In some cases, after excised from agarose gel, nested PCR products were cloned using 

InsTAcloneTM PCR Cloning Kit (Fermentas) and Escherichia coli strain JM109 (Promega) 

competent cells following the manufacture’s protocol. The positive clones were sequenced 

using M13 vector-specific primers as described above.  

Non-redundant nucleotide sequences were submitted to GenBank, under the accession 

numbers KR046095-KR046124. 
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Phylogenetic trees were reconstructed using the Neighbor-Joining method (Saitou and 

Nei, 1987). The evolutionary distances were computed using the Maximum Composite 

Likelihood method (Tamura et al. 2004).  The percentage of replicate trees in which the 

associated taxa clustered together was estimated with bootstrap test (1000 replicates) 

(Felsenstein, 1985). Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013). 

 

 

3. RESULTS 

 

3.1. Sequence analysis of gdh 

Sequences from cysts C1, C4, C6, C7, C8, C10, C11, C12, C+1, C+2 are all identical to 

each other and identical to Giardia duodenalis isolate JH (EF685688) (sub-assemblage AII). 

No polymorphic site was found in these sequences. Gdh sequence from cyst C3 was also 

assigned to sub assemblage AII and was identical to the sequences above except for the 

presence of a single polymorphic site (Y) at position 832 of the gene (Figure 1 A). Cyst C2 

was identified as assemblage B, but several polymorphic sites along its sequence were 

detected (positions of the polymorphic sites in the gene: 486, 546, 582, 612, 723, 807, 834, 

895, 933) (Figure 1 B).  
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Figure 1. Chromatograms obtained after sequencing PCR products from single cysts. 
Sequences are unedited raw data and the nucleotide numbers on chromatograms do not follow 
the nucleotide numbering of genes. In each panel, sequences at the top derived from forward 
primer and sequences at the bottom derived from reverse primer.  (A): gdh sequences from 
cyst 3 (B) gdh sequences from cyst 2. (C) bg sequences from cyst 2.  
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3.2. Sequence analysis of tpi 

Genetic sequences from cysts C1, C3, C4, C6, C7, C8, C10, C11, C12, C+1, C+2 are all 

identical to each other and identical to Giardia duodenalis isolate JH (FJ560570) (sub-

assemblage AII). Tpi sequence from cyst C2 was identical to homologous sequence of 

Giardia duodenalis identified in humans (KJ941323) (assemblage B). Polymorphic sites were 

not found in any tpi sequence. 

 

3.3. Sequence analysis of bg 

Genetic sequences from cysts C1, C3, C4, C6, C7, C8, C10, C11, C12, C+1, C+2 are all 

identical to each other and identical to Giardia duodenalis (KF922983) (assemblage A). No 

polymorphic site was found in those sequences. The bg chromatograms obtained from cyst C2 

show several polymorphic sites compatible with overlap between sequences A and B (Figure 

1 C). The nested PCR products from cyst C2 were cloned and 14 alleles were revealed. 

Twelve alleles were assemblage B, one allele was assemblage A and one allele had an 

assemblage A fragment interspersed with sequences of assemblage B, indicating that this 

allele may be a result of recombination between sequences A and B. Bg alignment between 

alleles found in the cyst 2 is shown in Figure 2. The phylogenetic relationships between the 

bg alleles from all the cysts investigated in this work and homologous sequences available in 

GenBank are shown in Figure 3. 

 

 

 

Figure 2. Alignment of PCR derived sequences of bg. The numbers in the rule do not follow 
the nucleotide numbering of the gene. Sequences starting with C2 are alleles cloned from cyst 
2. Sequence starting with C1 is the allele sequenced from cyst 1. Data from Genbank: isolate 
GS is assigned to Giardia duodenalis assemblage B (FJ560593). Isolates JH and WB are 
assigned to Giardia duodenalis assemblage A (FJ560592 and XM001705373, respectively). 
Assemblage A sequences differed from assemblage B sequences at several sites (fixed 
mutations). Between sites 104 and 188, C2_BG_CLONE8 sequence shares mutations with 
assemblage A. Between sites 1 and 104 and between sites 188 and 365, C2_BG_CLONE8 
sequence shares mutations with assemblage B. Dots (.) represent identity. 
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C2_BG_CLONE_14  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_29 .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_21  .......... ........C. ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_28  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_7   .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_19  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_20  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_27  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_32  .......... .......... ........C. .......... .......... .......... ....C.....
C2_BG_CLONE_44 .......... .......... ........C. .......... .......... .......... ....C.....
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Isolate WB TGCCACGACA GAAGCGCTCA CAAACACGAA GCTCGTCGAG AAGTGCGTCA ACGAGCAGCT CGA
Isolate JH .......... .......... .......... .......... .......... .......... ...
C1_BG .......... .......... .......... .......... .......... .......... ...
C2_BG_CLONE_23  .......... .......... .......... .......... .......... .......... ...
Isolate GS C......... ..G..C.... .......... .......... .......... .......... ...
C2_BG_CLONE_8   .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_10  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_30  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_14  .......... ..G..C.... .......... ......T... ...C.T.... .......... ...
C2_BG_CLONE_29 .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_21  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_28  .......G.. ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_7   .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_19  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_20  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_27  .......... ..G..C.... .......... ......T... .....T.... .......... ...
C2_BG_CLONE_32  .......... ..G..C.... .......... ......T... .....T.... ...T...... ...
C2_BG_CLONE_44 .......... ..G..C.... .......... ......T... .....T.... .......... ...
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Figure 3. Evolutionary relationships of bg sequences. Sequences starting with C2 are alleles 
cloned from cyst 2. Sequence starting with C1 is the allele sequenced from cyst 1. The 
evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with 
the sum of branch length = 0.90220161 is shown. The percentage of replicate trees in which 
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to 
the branches. The tree is drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 
computed using the Maximum Composite Likelihood method and are in the units of the 
number of base substitutions per site. The analysis involved 18 nucleotide sequences. Codon 
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing 
data were eliminated. There were a total of 343 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA6 
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3.4. Sequence analysis of orfc4 

Genetic sequences from cysts C1, C3, C4, C6, C7, C8, C10, C11, C12, C+1, C+2 are all 

identical to each other. The closest to these sequences among those available in GenBank is 

the sequence of Giardia duodenalis isolate WB (XM_001704865) (sub-assemblage AI). 

Polymorphic sites were not found in any of these sequences. The orfc4 chromatograms 

obtained from cyst C2 were difficult to interpret. The orfc4 chromatograms from cyst C2 are 

compatible with the occurrence of simultaneous amplification of two very different sequences 

to each other (data not shown). The nested PCR products of cyst C2 were cloned and nine 

alleles were revealed. Five alleles were assemblage B, and four allele was assemblage A. The 

phylogenetic relationships between the orfc4 alleles from all the cysts investigated in this 

work and homologous sequences available in GenBank are shown in Figure 4. 

 

Figure 4. Evolutionary relationships of orfc4 sequences. Sequences starting with C2 are 
alleles cloned from cyst 2. Sequence starting with C1 is the allele sequenced from cyst 1. The 
evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with 
the sum of branch length = 0.90220161 is shown. The percentage of replicate trees in which 
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to 
the branches. The tree is drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 
computed using the Maximum Composite Likelihood method and are in the units of the 
number of base substitutions per site. The analysis involved 14 nucleotide sequences. Codon 
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing 
data were eliminated. There were a total of 393 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA6. 
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4. DISCUSSION 

Sequencing Giardia duodenalis genes directly from PCR amplified products reveals the 

occurrence of polymorphic sites in cysts from stool samples of patients, cloned culture 

isolates and single cysts and / or trophozoites isolated by micromanipulation (Wielinga et al. 

2011; Ankarklev et al. 2012).  The detection of double peaks in the chromatograms from PCR 

products amplified from single cysts is a plausible evidence that allelic sequence 

heterozigosity do occur in Giardia duodenalis (Ankarklev et al. 2012). 

However, it is not possible to know how many alleles exist in a PCR mixture whose 

chromatograms present double peaks. In addition, considering amplicons containing two or 

more alleles it is possible that not all nucleotide differences between them are detected in the 

chromatogram because the different alleles may be present in different prevalence in the 

population of strands (Ankarklev et al. 2012). For this reason, we aimed in this study to clone 

PCR products that had chromatograms with heterogeneous sites. 

Among the analyzed cysts, only one of them (cyst 2) had sequences related to Giardia 

duodenalis assemblage B. All other cysts were classified as sub-assemblage AII. Both 

samples containing more than one cyst (C+1, C+2) showed no shared sites between 

asssemblage A and B, and both samples were assigned to sub-assemblage AII, which 

probably indicates that the frequency of assemblage B cysts in the original stool sample is 

very low. These results demonstrate that a specimen classified as sub-assemblage AII may 

actually contain other assemblages that are underrepresented. 

Considering the single cysts classified as sub-assemblage AII, all chromatograms 

presented monomorphic sites, the only exception was the gdh sequence from cyst C3, in 

which only one polymorphic site was detected. This result contrasts with the results obtained 

with cyst C2. Although the chromatogram of tpi sequence of cyst C2 has no double peaks, 

allelic sequence heterozigosity was detected in all other loci. 

Several heterogeneous sites was found in gdh sequences of cyst C2, but most of them 

were not differences between assemblages A and B. Therefore, the gdh chromatogram of cyst 

C2 is probably formed by the superposition of different alleles of assemblage B. 

Unfortunately it was not possible to clone the gdh products of cyst C2. 

In contrast, orfc4 and bg sequences of cyst C2 showed overlapping of assemblage A and 

B alleles. In both cases, the sequences obtained after cloning PCR products revealed the 
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occurrence of an unexpected high number of alleles of both genes, besides supporting the 

simultaneous occurrence of assemblages A and B sequences in one single cyst.  

Although axenic Assemblage B isolates was already demonstrated to possess A type allele 

for gdh, tpi and other genes, indicative of gene transfer events from Assemblage A–B 

individuals (Lasek-Nesselquist et al. 2009), the results presented here is unprecedented for 

single cysts. 

One can not completely exclude the possibility of this event is due to cross-contamination 

during the course of nucleic acid amplification. It is also possible that more than one cyst was 

aspirated together with cyst C2 though this possibility is remote because the cyst is aspirated 

from a drop containing only one cyst per microscopic field. After aspiration, the cyst is 

replaced on the plate, the droplet is re-examined, the cyst is aspirated again, and then 

transferred to a microtube. Secondly, it is very unlikely that multiple alleles of assemblage B 

are from more than one cyst, because the sampled population of cysts was largely formed by 

Assemblage AII cysts. Aspirate over one assemblage B cyst in a population where the ratio 

between assemblages A and B is at least 10: 1 would be a very unlikely event. 

Assemblage B bg fragments flanking assemblage A bg fragment as observed in one of the 

clones of cyst 2 (C2_BG_CLONE8) is a strong evidence that alleles of different assemblages 

actually co-exist in the same cyst. No technical artifact could convincingly explain this event, 

which probably is the result of crossing-over recombination between strands of assemblage A 

and B. It is noteworthy mentioning that there are no similar sequences to C2_BG_CLONE8 

sequence in Genbank. 

The simultaneous occurrence of assemblage A and B alleles in one single cyst strongly 

suggests that genetic exchange occurs between these assemblages. This puts a check on the 

statement that different assemblages represent distinct species (at least as regards the 

distinction between AII and B) (Franzen et al. 2009), but the surprisingly high number of 

alleles of bg and orfc4 in a single cyst is not supported by current knowledge on the biology 

of this agent. During the encystation, the DNA of Giardia duodenalis is replicated resulting a 

cyst with a ploidy of 16N in four nuclei (Bernander et al. 2001). Such a high number of 

alleles of bg and orfc4 (and probably gdh) detected in one single cyst may be the consequence 

of replication errors of DNA polymerase of Giardia duodenalis assemblage B or any other 

strategy of the parasite in favor of increasing genetic diversity. Although rather speculative, 

this statement should be considered in further studies in order to explain why genetic 

heterogeneity identified in assemblage B isolates is such a common event. 
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From the results presented here and from those presented elsewhere (Lasek-Nesselquist et 

al. 2009; Ankarklev et al. 2012), an interesting hypothesis might emerge. Giardia duodenalis 

does not infect only with clonally expanded individuals. Rather, a genetic heterogeneous 

population composes an infecting population with individuals highly specialized and adapted 

to the host and individuals that may act as genetic reservoir that are present in a much less 

number. The minority individuals may be responsible for the spillover capacity of the 

organism, providing the perpetuation of the genetic material by exchanging genes with the 

numerous host adapted individuals. For example, an animal challenged with cyst C1 would 

not be infected at all, but can, otherwise, be infected and transmit cyst C2 back to humans. 

Once entering human tissues again, cyst C2 would start a new infection by expanding cells 

containing AII genetic material. Thus, studies focusing on population of host-adapted cysts 

are welcome in order to confirm if only clonally expanded individuals form them or if they 

are actually formed with other genetic distinct individuals less represented but always present. 

The high numerous adapted individuals would be responsible for the infection itself while the 

less numerous individuals are responsible for the genetic exchange and perpetuation of the 

organism and its diversity, in a cooperative population. 
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5 General Conclusions 

 

The molecular characterization of G. duodenalis has been widely used in clinical and 

environmental samples to assist in epidemiological research of infection. Several genotyping 

studies are based on analysis of a single genetic marker, however, when the multilocus 

analysis is employed, researchers are faced with the lack of agreement between the results, 

occurring often the detection of different assemblages of G. duodenalis in a given sample. 

As shown in this study G. duodenalis is a complex organism due its high genetic 

variability, thus genetically distinct cysts may be present in the same population (mixed 

infection). In a multilocus analysis, if there amplification by distinct assemblages for one or 

more genes, is not possible to know, in fact, whether that sample has genetically distinct cysts 

or exists ASH or even genetic recombination. The only way to confirm the occurrence of such 

events is studying a single individual of G. duodenalis. 

In this work was developed a micromanipulation technique of a single Giardia cyst 

with subsequent amplification of DNA using four gene fragments. The protocol developed in 

is a promising method that enables simultaneous identification genes fragments and can be 

extended to conventional investigations in samples from multiple cysts. Moreover, in the 

molecular analysis was possible to observe several heterogeneous sites indicating the presence 

of different alleles in a single parasite cyst. The simultaneous occurrence of assemblage A and B 

alleles in one single cyst strongly suggests that genetic exchange occurs between these 

assemblages.  

 




