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Abstract 

Background Giardiasis, caused by the protozoan parasite Giardia intestinalis, often presents a treatment challenge, 
particularly in terms of resistance to metronidazole. Despite extensive research, markers for metronidazole resistance 
have not yet been identified.

Methods This study analysed 28 clinical samples of G. intestinalis from sub-assemblage AII, characterised by vary-
ing responses to metronidazole treatment. We focussed on copy number variation (CNV) of the multi-copy flavo-
hemoprotein gene, analysed using digital polymerase chain reaction (dPCR) and next generation sequencing (NGS). 
Additionally, chromosomal ploidy was tested in 18 of these samples. Flavohemoprotein CNV was also assessed in 17 
samples from other sub-assemblages.

Results Analyses revealed variable CNVs of the flavohemoprotein gene among the isolates, with no correla-
tion to clinical metronidazole resistance. Discrepancies in CNVs detected from NGS data were attributed to biases 
linked to the whole genome amplification. However, dPCR helped to clarify these discrepancies by providing more 
consistent CNV data. Significant differences in flavohemoprotein CNVs were observed across different G. intesti-
nalis sub-assemblages. Notably, Giardia exhibits a propensity for aneuploidy, contributing to genomic variability 
within and between sub-assemblages.

Conclusions The complexity of the clinical metronidazole resistance in Giardia is influenced by multiple genetic 
factors, including CNVs and aneuploidy. No significant differences in the CNV of the flavohemoprotein gene 
between isolates from metronidazole-resistant and metronidazole-sensitive cases of giardiasis were found, under-
scoring the need for further research to identify reliable genetic markers for resistance. We demonstrate that dPCR 
and NGS are robust methods for analysing CNVs and provide cross-validating results, highlighting their utility 
in the genetic analyses of this parasite.
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Background
Giardia intestinalis is a single-celled intestinal parasite 
with a compact genome ranging in size from 10.5 Mbp 
to 13.2 Mbp [1, 2]. It lacks typical organelles such as the 
Golgi apparatus, peroxisomes, and has highly reduced 
mitochondria without standard mitochondrial func-
tions [3]. Giardia possesses two diploid nuclei of equal 
size and is therefore classified as a tetraploid organism. 
Despite the similarity in their genomic content, the two 
nuclei exhibit constitutive aneuploidy, leading to unequal 
genetic distribution [4, 5]. Its life cycle includes stages 
where the ploidy status varies: cysts are octoploid while 
trophozoites are tetraploid [6–8].

G. intestinalis has long interested researchers due to its 
striking genetic diversity. The classification of this intesti-
nal parasite into eight assemblages (A-H) and subsequent 
subdivision into sub-assemblages provided a framework 
for understanding its genetic landscape [9–12]. This sub-
division often relies on the genotyping of a few unlinked 
marker genes [13, 14]. The taxonomic status of these 
assemblages is debated as they could represent distinct 
species [15–17].

The genome of Giardia usually comprises five diploid 
chromosomes in each nucleus, with approximately 5000 
protein-coding genes identified, accounting for about 
92% of all genes, most of them being single-copy genes 
[18]. Noncoding and repetitive sequences represent only 
a small fraction of the genome, with a few introns identi-
fied thus far [19, 20]. Giardia also possesses multi-copy 
coding genes organized into multigene families distrib-
uted along its five chromosomes. The most significant 
among them is the variable surface protein (VSP) gene 
family, which makes up approximately 4% of the coding 
fraction of the genome. VSP genes are responsible for the 
expression of VSP cysteine-rich antigens on the surface 
of trophozoites, allowing the parasite to escape recogni-
tion through the host’s adaptive immune system [21].

Another important multi-copy gene is hmpA, which 
encodes a Flavohemoprotein enzyme, also known as Fla-
vohemoglobin [22]. It belongs to the heme protein family 
containing electron transfer proteins [23]. This enzyme 
is the most significant nitric oxide (NO)-metabolizing 
protein, operating effectively as NO dioxygenase under 
microaerophilic conditions [24]. Flavohemoprotein is 
expressed and up-regulated in response to higher levels 
of host-derived NO, enabling the trophozoites to metab-
olize free radical NO into harmless nitrate using oxygen 
as a co-substrate. Additionally, it can reduce heme-bound 
oxygen to water in the absence or low levels of NO, func-
tioning as NAD(P)H oxidase [25]. It helps Giardia with-
stand the hostile environment and contributes to its 
persistence and potential drug resistance against metro-
nidazole (MTZ), which is used for giardiasis treatment. 

Because Flavohemoprotein uses oxygen as a co-factor 
for converting NO to nitrate, it may also be relevant for 
increased MTZ tolerance [26, 27].

Giardiasis is a diarrhoeal infection affecting the small 
intestine of humans and other mammals [28]. Although 
generally treatable, the effectiveness of the first-line treat-
ment with MTZ is compromised, with success rates rang-
ing between 60% and 80% [29]. The incidence of giardiasis 
cases refractory to MTZ treatment has been increasing 
globally [30, 31]. This emerging resistance highlights the 
need to identify molecular markers for early detection of 
resistant parasites at diagnosis. Efforts have been made 
to identify these markers through transcriptomic and 
proteomic studies; although several potential markers or 
their combination have been proposed, none have been 
definitively established. These expression studies were 
conducted with several MTZ-resistant and MTZ-suscep-
tible cell lines derived in laboratory from sub-assemblage 
AI strains. Notably, Flavohemoprotein enzyme levels 
increased during MTZ exposure in 713M3, MTZ-resist-
ant strain [26, 32].

Our interest in one of these potential markers, fla-
vohemoprotein, was sparkled by recent genomic study 
[33] demonstrating copy numbers variation (CNV) of 
the hmpA gene in Giardia clinical isolates belonging to 
assemblages A and B. It was suggested that its genomic 
variability may influence the degree of resistance to 
MTZ. However, this hypothesis has not yet been vali-
dated by MTZ treatment outcomes. Similar hypotheses 
have been tested in other studies. For instance, in Plas-
modium falciparum, links between CNV and drug resist-
ance have been demonstrated by gene duplications of 
mdr1, which resulted in twofold increases in target gene 
transcript levels. Increased mRNA expression directly 
decreased sensitivity to mefloquine, lumefantrine, and 
dihydroartemisinin [34].

The aim of our study was to evaluate CNV of hmpA 
gene in a cohort of G.  intestinalis isolates from patients 
with varying responses to MTZ. We used digital PCR to 
reveal fine differences in copy numbers among individual 
Giardia isolates, and took advantage from the availabil-
ity of whole genome sequences for the same collection of 
isolates.

Methods
Samples
A total of 28 DNA samples were extracted from in vitro 
cultures of Giardia parasites (sub-assemblage AII), 
which were originally isolated from stool samples of 
human patients between 1989 and 2016. DNA samples 
were stored at −20  °C until use. Detailed information 
relevant to this study can be found in Table 1. Specific 
protocols for the isolation and maintenance of Giardia 
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isolates, DNA extraction and genotyping and further 
characteristics of the samples were described in Lecova 
et  al. [35]. Samples from patients who exhibited treat-
ment failure were classified as clinically MTZ-resistant 
(referring to the treatment outcome, not in vitro resist-
ance), while samples from patients who tested negative 
after MTZ treatment were classified as MTZ-sensitive.

The second cohort of samples consisted of the  iso-
lates from other Giardia sub-assemblages. Because this 
cohort was small in size, it was not used for comparison 
of MTZ treatment. Additional file S2 contains the list 
of these samples (N = 17): five samples from sub-assem-
blage  AI, five samples from sub-assemblage BIII, four 
samples from mixed population of sub-assemblages 
BIII/IV and three samples from sub-assemblage BIV. 
The DNAs were isolated from cysts obtained from stool 

samples of human patients with DNaesy PowerSoil Pro 
Kit (Qiagen) following the manufacturer’s protocol.

Digital PCR assay designs and optimization
Primers were designed for the hmpA (GL50803_15009) 
and the reference gene β-giardin (bg) (GL50803_004812) 
for G.  intestinalis assemblage A using Primer BLAST 
[36]. The second set of primers was designed for assem-
blage B: for the hmpA (GSB_151570) and for the bg 
(GL50581_2741). The criteria for the assays included 
achieving linearity with a 5-log dynamic range and an 
LC480 error of < 0.2, along with an efficiency range of 
80–100%. The specificity of the primers was confirmed 
by obtaining single PCR products of the correct sizes.

All assays, each with a 10  µl reaction volume, were 
tested with SsoFast EvaGreen Supermix (Bio-Rad) on 

Table 1 Characteristics of Giardia isolates and their hosts: multilocus genotyping of Giardia, clinical resistance to metronidazole (MTZ), 
origin of infection, sex of patient and clinical symptoms of giardiasis

Giardia isolate Clinical resistance 
to MTZ

Multi locus 
genotype

Sex of patient Origin of infection Clinical symptoms

LK16 No AII-1 M Sri Lanka diarrhoea, flatulence, itchy skin

HJ Yes AII-1 M Czech Republic asymptomatic

37 No AII-1 F Argentina asymptomatic

51 Yes AII-1 M Syria diarrhoea

2 No AII-2 M Vietnam asymptomatic

44 No AII-3 M Iran intermittent diarrhoea

39 No AII-4 M Zimbabwe asymptomatic

12 No AII-4 M Libya diarrhoea

16 Yes AII-4 M Czech Republic asymptomatic

18 No AII-4 F Pakistan asymptomatic

19 No AII-4 M Czech Republic asymptomatic

40 No AII-4 M Ethiopia diarrhoea, fever

41 No AII-4 F Ethiopia asymptomatic

36 No AII-8 F Nigeria asymptomatic

9 No AII-9 M Libya asymptomatic

13 No AII-9 M Syria asymptomatic

8 No AII-9 M Vietnam asymptomatic

20 No AII-9 M Kuwait diarrhoea

23 Yes AII-9 M India, Nepal diarrhoea

24 Yes AII-9 M India, Nepal diarrhoea

25 No AII-9 F Vietnam asymptomatic

28 No AII-9 M Czech Republic mild temperature

34 No AII-9 M Czech Republic slow development

43 No AII-9 M Czech Republic diarrhoea, abdominal pain

50 No AII-9 M Sudan intermittent diarrhoea

52 Yes AII-9 M Czech Republic eczema

53 No AII-9 M Indonesia asymptomatic

BER1 Yes AII-9 M Czech Republic asymptomatic
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a LightCycler 480 (Roche). The protocol involved initial 
activation at 95  °C for 30  s, followed by amplification 
at 95 °C for 5 s and 57 °C for 20 s (for 40 cycles), with a 
melting curve temperature ranging from 65–95  °C. The 
annealing temperature, initially set at 60 °C in silico, was 
experimentally determined to be optimal at 57 °C, along 
with an optimal final primer molarity of 400 nM.

To assess the performance of the primers for dPCR, 
they were tested using a Nanoplate 8.5  K with 96 wells 
and the QIAcuity One instrument (QIAGEN). All assays, 
each with a 12 µl reaction volume, were evaluated using 
the QIAcuity EG PCR Kit (QIAGEN). The protocol for 
this evaluation included activation at 95 °C for 120 s, fol-
lowed by amplification at 95  °C for 15  s, 57  °C for 15  s 
and 72 °C for 15 s (for 40 cycles), concluding with a sin-
gle cycle at 40 °C for 5 min. The optimal annealing tem-
perature for this dPCR assay, where the PCR-positive 
population of samples was distinguishable from the PCR-
negative population of samples, was determined to be 
57  °C, along with an optimal final primer concentration 
of 400 nM.

The 12 µl dPCR mixture consisted of a pair of forward 
and reverse primers at the final concentration of 400 nM 
(KRD), 4 µl of 3 × QIAcuity EG PCR Kit (QIAGEN), 3 µl 
of DNA that was pre-diluted before dPCR, and DNAse-
free water. The appropriate DNA dilution for dPCR was 
established by comparing Cq values obtained from corre-
sponding qPCR experiments conducted on a LightCycler 
480 (Roche). The optimization of the dPCR assay and the 
quality criteria for CNV detection were adopted from the 
dPCR MIQE guidelines [37]. Information on validation of 
primers is included in Additional file S1.

Digital PCR principle in the context of our experiment
The DNA samples, included in a complete dPCR mixture, 
were pipetted into 96 wells of a dPCR nanoplate (Nano-
plate 8.5 K, QIAGEN). We employed well-optimized, sin-
gleplex dPCR assays in parallel.

During the dPCR experiment, each sample (from one 
well) was distributed into up to 8500 nanocompartments 
(partitions). The central feature of dPCR is the compart-
mentalization of the DNA sample. In each isolated par-
tition, PCR was performed. Essentially, according to the 
Poisson distribution, each partition contained a copy of 
the gene, or did not contain any gene copies, resulting in 
a zero PCR outcome with no fluorescent signal.

For the detection of positive PCRs, the fluores-
cent DNA dye Evagreen was used as a single reporter. 
No-template controls (NTCs) without a sample were 
included in each nanoplate for each target. Thresholds 
for each assay were set manually on the basis of the NTC 
using a 2D scatter plot. Positive and negative PCR reac-
tions were calculated with software, and copy numbers 

were estimated for each singleplex assay using absolute 
quantification with the QIAcuity Software Suite 2.1.7.182 
(QIAGEN).

Throughout the experiment, particular attention was 
given to optimizing the template concentration and 
ensuring optimal distribution of DNA within the nano-
plate during the dPCR. The ideal concentration for the 
gene of interest is 1.6 copies/partition (λ), calculated 
as the ratio of PCR-positive to PCR-negative compart-
ments. Under such conditions, dPCR measurements are 
the most precise [38]. However, because both targets of 
interest were measured using the same DNA concentra-
tion, achieving optimal saturation of the nanoplate with 
both positive targets (positive PCRs) was not feasible. To 
address this issue, specific quality criteria were applied 
to the data obtained through dPCR, and an optimal 
and acceptable range for λ was defined as 0.1–2.6, cor-
responding to approximately 10–93% saturation of the 
nanoplate for both singleplex targets.

Isolation of DNA for NGS and generation of DNA libraries
Each Giardia isolate was cultured to obtain approxi-
mately  107 trophozoites, which were subsequently har-
vested by centrifugation and washed with cold PBS at pH 
7.2. The resulting pellet was subjected to DNA extrac-
tion. Samples BER1, 16, 18, 19, 20, 23, 24, 25, 28, 34, 36, 
40, 41, 43, 44, 50, 52 and 53 were isolated using a modi-
fied CTAB method [39]. Samples HJ, LK16, 2, 8, 9, 12, 13, 
20, 24, 37, 39 and 51 were isolated using the  PureLink™ 
Genomic DNA Mini Kit (Thermo Fisher Scientific); this 
genomic DNA was subsequently amplified using the 
Repli-G Midi Kit (Qiagen) following the manufacturer’s 
instructions. Approximately 1  μg of purified genomic 
DNA was sent to a commercial sequencing service for 
NGS experiments. Illumina libraries were generated uti-
lizing the 150 bp paired-end technique and sequenced on 
an Illumina HiSeq 4000 platform.

Raw NGS reads for CNV method verification
Raw reads of Giardia samples from sub-assemblage 
AII, including P407 (SRR21529637, SRR21529638, 
SRR21529640), P64 (SRR21529626, SRR21529627) and 
P392 (SRR21529641, SRR21529642, SRR21529643), 
deposited in the NCBI SRA database, along with their 
assembled and annotated genomes derived from PacBio 
reads, were generously provided by Christian Klotz [40]. 
We compared the results obtained from PacBio sequence 
assemblies with those obtained from an alternative CNV 
detection approach based on read depth (RD) analysis 
using Illumina sequencing data from the same Giardia 
isolates. This approach relies on the hypothesis that the 
read depth in a genomic region is correlated with the 
copy number of that region. The RD approach is capable 
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of detecting CNVs, including deletions and duplica-
tions, and can predict precise copy numbers, mosaicism, 
and both small and very large CNVs across all types of 
genomic regions [41–43].

Gene CNV estimation using NGS data
Raw Illumina reads from 28 isolates, along with reads 
from three AII samples (P407, P392, P64) retrieved 
from the NCBI SRA database, were processed by trim-
ming to remove adapter sequences and filtering for 
low-quality bases using Trimmomatic v.0.39 [44]. The 
filtered paired reads were aligned to the Giardia WBc6 
reference genome, sub-assemblage AI [2] using BWA 
v. 0.7.17 with default parameters [45]. Duplicate reads 
were identified using Picard tools v.2.26.11 and marked 
accordingly [46]. Coverage analysis was conducted using 
Qualimap v.2.2.1 [47] for the bg (GL50803_004812) and 
the hmpA (GL50803_0015009) genes, chromosomes and 
whole-genome regions. Mean coverages, created with the 
parameter ‘skip duplicate alignments’, were calculated for 
each sample. The following additional candidate reference 
genes were subsequently included in the analysis: NADP-
specific glutamate dehydrogenase (GL50803_0021942), 
triosephosphate isomerase (GL50803_0093938) and 
nitroreductase Fd-NR2 (GL50803_0022677). Coverage 
ratios were computed as the mean coverage of the region 
of interest divided by the mean coverage of the entire 
genome of each Giardia isolate (Additional file S3).

Chromosomal CNV estimation using NGS data
Methods from Bussoti et al. [48], were adopted to assess 
aneuploidy of chromosomes from Giardia isolates, sub-
assemblages AII and AI. For each chromosome, we com-
puted the mean sequencing coverage. To account for 
differences in chromosome copy numbers in tetraploid 
organisms, all the values were multiplied by four. The dif-
ferences among the chromosomes were calculated via the 
Kruskal–Wallis test. Deviation from tetraploidy was cal-
culated for each chromosome by either one-sample t-test 
or one-sample Wilcoxon signed-rank test (Additional file 
S4).

Statistical analysis
All the statistical analyses were conducted with either the 
DATAtab online statistics calculator [49] or the GenEx 
Enterprise 6.1.1.550 (MultiD). All statistical tests were 
calculated at the 0.05 level of significance.

Results
Impact of genetic variability of hmpA on metronidazole 
treatment outcomes
Digital PCR was utilized for absolute quantification 
analysis of each gene of interest, which included the 

hmpA and the CNV reference bg gene targeting Giardia 
from assemblage A. The copy number estimation was 
followed by the CNV analysis, in which the results were 
calculated as the target gene/CNV reference gene ratio 
and subsequently reported as the number of hmpA 
copies per haploid genome. For accurate analysis of the 
CNV, the reference gene must have a known copy num-
ber, ideally being a single-copy gene. Digital PCR CNV 
analysis yields the ratio of concentrations (copies/µL) of 
the target and reference genes, along with their associ-
ated CI (95%), for each Giardia isolate (Additional file 
S2).

The CNVs of the hmpA gene in Giardia isolates, col-
lected from patients who underwent MTZ treatment, 
were analysed. In total, 28 DNA samples of G.  intesti-
nalis, sub-assemblage AII, were examined, representing 
clinically MTZ-resistant (7 samples) or MTZ-suscepti-
ble (21 samples) cases of giardiasis (Table 1). Our aim 
was to find out whether differences in the hmpA gene 
copy numbers of the parasite correlated with the treat-
ment resistance.

The mean hmpA CNV for clinically MTZ-resistant 
samples was estimated to be 3.6 ± 0.3 copies per hap-
loid genome, and 3.4 ± 0.6 copies per haploid genome 
for MTZ-sensitive samples. These copy numbers were 
recalculated for tetraploid genome of Giardia in Fig. 1. 
The dPCR analysis revealed no difference between 
MTZ-sensitive and clinically  MTZ-resistant samples, 
which was confirmed with a t-test for independent, 
normally distributed samples (t(26) = −0.98, P = 0.3). The 
copy numbers of hmpA from the entire cohort of 
patients, measured by dPCR, ranged from 9 copies to 
18 copies when recalculated per tetraploid genome.

Fig. 1 Flavohemoprotein copy number variations (CNVs) were 
estimated using different methods. The green box plots represent 
the copy numbers of samples sensitive to metronidazole treatment, 
and the red box plots represent those with the clinical resistance 
to metronidazole treatment. Digital PCR CNV analysis (N = 28) 
and NGS CNV analysis (N = 18). CNVs were recalculated per tetraploid 
genome
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Validation of dPCR results using parallel NGS methodology
Prior to the comparative analysis itself, we tested the reli-
ability of the selected single-copy reference gene (bg) for 
the CNV analysis. We used three previously published 
genomes of G.  intestinalis belonging to sub-assemblage 
AII (P407, P392 and P64), which were acquired via both 
PacBio and Illumina platforms. PacBio results confirmed 
that bg was present only once in each tested genome, 
consistently with findings from Illumina. In contrast, the 
hmpA gene was located in multiple sites, aligning with 
the Illumina results (Additional file 3). These results sup-
ported the use of bg as a suitable CNV reference gene for 
dPCR.

Subsequently, the same samples used for dPCR were 
utilized for NGS analysis. All NGS data for CNV assess-
ment were obtained via Illumina-based whole-genome 
sequencing. For NGS CNV estimation, only hmpA gene 
is needed. It is important to note that the NGS CNV 
analysis differs substantially from the dPCR CNV analy-
sis; NGS does not require a CNV reference gene, as the 
target hmpA gene is mapped directly against the refer-
ence genome AI (WBc6).

Despite these methodological differences, the bg gene 
selected for dPCR was also analysed using NGS to verify 
the reliability of our approach. Interestingly, our find-
ings revealed some discrepancies when comparing dPCR 
with NGS results. In approximately one-third of the AII 
samples analysed by NGS, the coverage depth in the bg 
region was found to be 50% lower than the expected cov-
erage depth of the bg region of the AI reference genome. 
In the same samples, the mean copy numbers of hmpA 
also differed when compared with dPCR results (Table 2).

The whole genome amplification in NGS: a troublesome 
variable
We discovered that discrepancies in results could be 
linked to the whole genome amplification (WGA) of 
DNA samples prior to NGS analysis. To further inves-
tigate this, we analysed three additional single-copy 
genes, using NGS data: the glutamate dehydrogenase 
gene (gdh), located on chromosome 4, the same location 
as bg; the triosephosphate isomerase gene (tpi), located 
on chromosome 5, the same location as hmpA; and the 
nitroreductase Fd-NR2 gene (fd-nr2), located on chro-
mosome 1. The coverage depths of all analysed genes are 
detailed in Table  2. The results for both the bg and gdh 
genes, expected to be located on the same chromosome 
4, showed lower coverage depth ratios within the same 
Giardia isolates. Additionally, lower bg coverage depth 
ratios were consistently associated with lower hmpA cov-
erage depth ratios, despite these genes being located on 
separate chromosomes. In contrast, both the tpi and the 

fd-nr2 genes (located on chromosome 5 and 1, respec-
tively) were not affected by WGA.

The inconsistency and non-uniformity of the whole 
genome amplification were further explored through 
an additional experiment comparing samples 20 and 
24, which underwent different conditions: either WGA 
amplification or no pre-amplification prior to NGS analy-
sis (Additional file S3). The results from samples 20 and 
24 were entirely consistent with previous observations, 
showing differences comparable to those observed in 
other samples reported in Table 2. On the basis of these 
findings, all samples that underwent WGA were excluded 
from the validation NGS CNV analyses.

Validation of dPCR data with NGS data
After the exclusion of NGS WGA samples and their cor-
responding dPCR samples, the remaining hmpA CNV 
results obtained via dPCR and NGS showed close agree-
ment. The mean hmpA CNV for all dPCR analyses was 
3.5 ± 0.4 copies per haploid genome (N = 18), compared 
with 3.8 ± 0.5 copies per haploid genome (N = 18) for all 
NGS analyses (Table 2).

The mean hmpA CNV for clinically MTZ-resistant 
samples was estimated to be 3.8 ± 0.2 copies per hap-
loid genome as well as for MTZ-sensitive samples; this 
value was 3.8 ± 0.6 copies per haploid genome (Fig.  1). 
The hmpA CNVs estimated with NGS demonstrated 
no significant difference in gene copy numbers between 
clinically MTZ-resistant and MTZ-sensitive Giardia iso-
lates (Table  2). NGS results were statistically evaluated 
by a two-tailed t-test for independent samples, which 
were distributed normally with not equal variances 
(t(15.92) = 0.1, P = 0.9).

When recalculated, the range of hmpA copy numbers 
among different Giardia isolates varied from 10 to 18 
copies per tetraploid genome according to NGS CNV 
analysis. The dPCR and NGS results were in agreement, 
thus dPCR was considered validated by NGS method for 
our purposes.

Variation in the number of chromosomes
We considered the possibility that the CNV of certain 
genes might be influenced by the variability of individual 
chromosomal numbers. To explore this in the sub-assem-
blage AII, we utilized NGS data to analyse chromosomal 
copies. This analysis involved assessing RD coverage val-
ues, which corresponded to chromosomal copy num-
bers. The results from the respective chromosomes are 
displayed in Fig.  2. Our findings revealed the presence 
of mosaic aneuploidy, with varying numbers of chromo-
somes present in Giardia isolates from sub-assemblage 
AII. The differences in the number of chromosomes 
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among five different chromosomes were confirmed by 
the Friedman test: χ2 = 59.4, df = 4, P < 0.001.

To assess the potential aneuploidy of chromosomes, 
one-sample tests were performed. One-sample t-tests for 

chromosomes 1, 2 and 3 showed significant deviation of 
chromosomal numbers from tetraploidy, with t-values of 
6.8, 12.1 and 11.3, respectively, all with P-values less than 
0.001. The mean differences were 0.4 for chromosome 1, 

Table 2 Copy number variations (CNVs) of flavohemoprotein (subassemblage AII) estimated with different methods and copy 
numbers (CNs) of candidate CNV reference genes for digital PCR (dPCR)

The CNs values were averaged ± standard deviation. CNs were recalculated per haploid genome. chr. chromosome, dPCR digital PCR, MTZ metronidazole, NGS next-
generation sequencing, WGA  whole genome amplification

G. intestinalis 
isolates/
genes

dPCR CN hmpA WGA for NGS only NGS CN 
hmpA 
(chr. 5)

NGS CN tpi (chr. 5) NGS CN gdh (chr. 4) NGS CN bg (chr. 4) NGS CN fd-nr2 (chr. 1) 

HJ 3.5 Yes 0.9 1.1 0.6 0.5 1.0

LK16 3.4 Yes 1.0 0.8 0.4 0.6 1.0

2 4.1 Yes 1.3 0.8 0.5 0.5 1.1

8 2.9 Yes 1.0 0.9 0.5 0.5 1.0

9 2.3 Yes 1.0 0.9 0.5 0.5 1.0

12 4.5 Yes 1.0 0.9 0.5 0.4 1.0

13 2.5 Yes 0.8 0.9 0.5 0.5 1.0

20 N/A Yes 1.1 0.8 0.5 0.5 1.3

24 N/A Yes 1.2 0.8 0.5 0.5 1.1

37 3.3 Yes 1.3 1.0 0.6 0.5 1.0

39 2.7 Yes 0.8 1.0 0.6 0.5 1.1

51 4.1 Yes 1.5 0.9 0.6 0.6 1.0

MTZ resistant
N = 3
avg CN ± std

WGA 1.2 ± 0.2 0.9 ± 0.1 0.6 ± 0.05 0.5 ± 0.05 1.0 ± 0.05

MTZ sensitive
N = 9
avg CN ± std

WGA 1.1 ± 0.3 0.9 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 1.1 ± 0.1

BER1 3.1 No 3.6 1.0 1.0 1.0 1.0

16 3.4 No 3.6 1.0 1.0 1.1 1.0

18 3.4 No 3.1 0.9 1.0 1.0 1.0

19 3.1 No 3.5 1.0 1.0 1.0 1.0

20 3.6 No 3.8 0.9 1.0 0.9 1.0

23 3.6 No 3.8 0.9 0.9 1.0 1.0

24 3.6 No 3.8 0.9 1.0 0.9 1.0

25 3.6 No 2.6 1.0 1.0 1.0 1.0

28 3.1 No 4.2 1.0 1.0 1.0 1.2

34 3.6 No 4.5 1.0 1.1 1.1 1.1

36 4.2 No 4.4 1.0 1.0 1.0 1.1

40 2.6 No 3.2 1.0 1.2 1.2 1.2

41 3.2 No 3.5 1.0 1.0 1.0 1.1

43 4.0 No 4.5 1.0 1.0 0.9 1.0

44 3.6 No 4.1 1.0 1.0 1.0 1.0

50 3.2 No 3.5 1.0 1.0 1.0 1.0

52 4.0 No 4.1 1.0 1.0 1.0 1.1

53 4.1 No 4.5 1.0 1.0 1.0 1.0

MTZ resistant
N = 5
avg CN ± std

3.5 ± 0.3 w/o WGA 3.8 ± 0.2 1.0 ± 0.05 1.0 ± 0 1.0 ± 0.1 1.0 ± 0.04

MTZ sensitive
N = 13
avg CN ± std

3.5 ± 0.4 w/o WGA 3.8 ± 0.6 1.0 ± 0.04 1.0. ± 0.1 1.0 ± 0.1 1.0 ± 0.1
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0.4 for chromosome 2 and 0.6 for chromosome 3, each 
with tight confidence intervals indicating precise esti-
mates. For chromosomes 4 and 5, one-sample Wilcoxon 
Signed-rank tests were performed, yielding z-values of 
−3.5 and −3.8, respectively, both with P-values below 
0.001, confirming significant differences in these chro-
mosomes as well. These tests confirmed that all chromo-
somes differed significantly from tetraploidy.

Chromosomes 1, 2 and 3 exhibited tendencies for chro-
mosomal gain, each fluctuating between a minimum of 4 
and a maximum of 5 chromosomes per a cell: chromo-
some 1 (mean: 4.4, variance: 0.06), chromosome 2 (mean: 
4.4, variance: 0.02) and chromosome 3 (mean: 4.6, vari-
ance: 0.05) In contrast, chromosome 5, while showing a 
predisposition for losses, demonstrated considerable sta-
bility, maintaining between 3 and 4 copies per cell with a 
low variance (mean: 3.5, variance: 0.01). This underscores 
its relative stability despite the observed range. The copy 
numbers for chromosome 4 were notably stable, consist-
ently maintaining four copies in most isolates with a low 
variance (mean: 3.9, variance: 0.01). The low variance for 
both chromosomes 4 and 5 indicates minimal fluctuation 
in the number of copies around their mean (Additional 
file S4).

MTZ resistance in Giardia isolates AII: a comprehensive 
multivariate analysis
In an effort to understand why some Giardia isolates 
resist MTZ treatment, we integrated results from our 
dPCR experiments (hmpA CNV) and NGS experiments 
(chromosomal copy numbers) with data extracted from 
patient records. These records encompassed variables 
such as geographic origin of infection, symptoms, sex 
and the parasite’s response to MTZ treatment (Table 1).

To visualise the relationships between selected vari-
ables and MTZ resistance, the cluster analysis was 
employed. The data were autoscaled to ensure equal 
weighting of all variables in the analysis. For the cluster 
analysis in Fig.  3, Ward’s algorithm clustering method 
with the Euclidean distance measure was used. It did 
not reveal distinct groupings between clinically  MTZ-
resistant and MTZ-sensitive Giardia isolates, despite 
incorporating multiple variables. It means that although 
groups based on the analysed variables were formed, they 
overlap and there is no clear grouping that consistently 
indicates resistance to MTZ. This lack of distinct group-
ings suggests that resistance may not be strongly linked 
to the genetic variations captured by the CNV of hmpA, 
nor is it clearly associated with demographic or clinical 
characteristics. Furthermore, while our analysis sheds 
light on certain aspects of MTZ resistance, it also indi-
cates that better understanding of the MTZ resistance 
likely requires additional factors beyond those included 
in our study.

Flavohemoprotein CNVs in various Giardia 
sub‑assemblages
Finally, we expanded our analysis of hmpA CNVs by 
including additional Giardia sub-assemblages AI, BIII, 
BIII/IV, and BIV, using dPCR. Due to the limited sample 
sizes for these sub-assemblages, a comparative analysis 
between MTZ-sensitive and clinically MTZ-resistant iso-
lates was not performed. Instead, the CNVs were meas-
ured exclusively to observe potential variations across 
sub-assemblages. As it is displayed in Fig.  4, the differ-
ences in copy numbers of hmpA among sub-assemblages 
were significant according to Kruskal–Wallis χ2 test; 
χ2 = 28.3, df = 4, P < 0.001.

Fig. 2 Variations in chromosomal copy numbers in the tetraploid genome of Giardia, sub-assemblage AII. N = 18
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DNA isolates representing sub-assemblage AI dis-
played the lowest mean copy numbers of the hmpA gene 
(1.2 ± 0.3 copies per haploid genome), significantly lower 
than those recorded in sub-assemblages AII (3.4 ± 0.5 
copies per haploid genome) and BIII (2.0 ± 0.2 copies 
per haploid genome), as confirmed by Dunn–Bonfer-
roni post-test (AII–AI: t = 27.5, adj. P < 0.001; AII–BIII: 
t = 21.5, adj. P = 0.007). The highest mean copy numbers 
were observed in sub-assemblage AII, closely followed 
by BIV (3.0 ± 0.2 copies per haploid genome) and BIII/
IV (2.5 ± 0.6 copies per haploid genome). Sub-assemblage 
BIII exhibited intermediate values with lower variabil-
ity in copy numbers. Despite the statistically significant 

differences found between sub-assemblages, caution 
should be exercised when interpreting these results due 
to the small sample sizes of the groups involved.

Discussion
The aim of this study was to enhance our understand-
ing of the multi-copy hmpA gene. Multi-copy genes are 
typically involved in critical cellular processes, such as 
survival and adaptation to various environments, as has 
been well documented in extensive research on hmp in 
bacteria and in other single-celled organisms [24].

Here, we focused specifically on hmpA CNV in 
G. intestinalis. To estimate CNVs, we used two methods: 
dPCR CNV analysis [50, 51] and a RD-based NGS CNV 
approach, which has been widely used in previous studies 
[42, 48, 52]. After appropriate adjustments, both meth-
ods produced consistent results and validated each other. 
These adjustments included revising the WGA incorpo-
ration for NGS analysis. WGA is generally used for the 
entire genome amplification to ensure sufficient material 
is available for NGS [53]. Despite information suggesting 
that the whole genome amplification with Repli-G kit is 
suitable for CNV detection in single cells [54], our find-
ings suggested otherwise. Due to uneven amplification of 
our genes of interest, we had to exclude ten isolates from 
validation experiments.

With the remaining subset of NGS samples, that were 
not treated with WGA, we explored the presence of 
chromosomal aneuploidy, which means the variation 
in chromosome numbers from the standard set. Our 
findings confirmed the presence of mosaic aneuploidy, 

Fig. 3 The cluster analysis: a heat map is a way of visualizing hierarchical agglomerate clustering. Ward’s algorithm clustering method 
and the Euclidean distance measure were applied

Fig. 4 Distribution of the mean flavohemoprotein copy number 
variations (CNVs) among different Giardia sub-assemblages: AI 
(CN = 4.8 ± 1.2, N = 5), AII (CN = 13.6 ± 2.0, N = 28), BIII (CN = 8.0 ± 0.8, 
N = 5), BIV (CN = 12.0 ± 0.8, N = 3) and BIII/IV (CN = 10.0 ± 2.14, N = 4). 
CNVs were recalculated per tetraploid genome (plotted on x-axis)
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which might complicate CNV analysis. However, chro-
mosomes 4 and 5, where our genes of interest were 
located, exhibited very low variance in their copy num-
bers across different isolates. This stability minimized 
the potential impact of chromosomal aneuploidy on our 
CNV measurements, allowing us to accurately assess the 
role of hmpA in relation to MTZ resistance. Aneuploidy 
is a concept that has been often overlooked in Giardia, 
despite previous studies highlighting the genetic instabil-
ity of chromosome 5  (sub-assemblage AI) and the pres-
ence of cell lines with unstable aneuploidy as well as 
those with long-term stable aneuploid karyotypes [4, 5]. 
Among unicellular parasites, aneuploidy has been well-
studied in Leishmania donovani, a diploid organism with 
a single nucleus. Karyotypic changes in different Leish-
mania strains have shown reproducible variations in the 
same subset of chromosomes, connected to short-term 
adaptations to environmental changes during the para-
site’s life cycle in in  vitro culture [48]. It is likely that a 
combination of chromosome and gene amplifications (or 
loss) generates phenotypic diversity enhancing parasite 
fitness [55, 56]. These assumptions may also be valid for 
Giardia. The effects of aneuploidy in unicellular organ-
isms can vary depending on the specific organism and 
the chromosomes involved.

Using the dPCR method, we extended the investiga-
tion of hmpA CNVs to Giardia sub-assemblages beyond 
sub-assemblage AII. By comparing sub-assemblages 
AI, AII, BIII, mixed population BIII/IV and BIV, we 
revealed significant differences in hmpA CNVs across 
these sub-assemblages. Isolates from sub-assemblage 
AI exhibited the lowest hmpA copy numbers, suggest-
ing that hmpA exists in a single-copy form, in contrast 
to the other tested Giardia isolates from different sub-
assemblages. This finding is not surprising given that 
the overall genetic diversity of the sub-assemblage AI is 
low  if compared with other sub-assemblages. This has 
been demonstrated by its allelic sequence heterozygosity 
(ASH), which is as low as 0.03% in sub-assemblage  AI 
reference genome [1]. Reported ASHs of other assem-
blages and sub-assemblages were notably higher. The 
ASH in the assemblage B isolate GS reference genome 
is about 20-fold higher than in assemblage A reference 
genome WBc6 [1], although an exception, such as B iso-
late P424 with extremely low ASH = 0.002%, has been 
discovered [40]. A higher ASH for sub-assemblage  AII 
ranges from 0.25% to 0.35% [9]. These observations cor-
relate with our findings that all other tested isolates from 
other sub-assemblages and assemblages contained mul-
ticopy variants of hmpA. Interestingly, we showed that 
isolates from sub-assemblage AII consistently showed 
the highest mean hmpA copy numbers (14 copies per 
tetraploid genome) compared with sub-assemblage  AI 

and assemblage  B. These observations underscore the 
genetic diversity within Giardia and imply that different 
sub-assemblages might exhibit varying degrees of  adapt-
ability strategies.

On the basis of observed genetic diversity, we decided 
to reduce unnecessary variability in our main experi-
ments by focussing only on assemblage A, namely 
sub-assemblage AII [16], by excluding other known  sub-
assemblages (AI, BIII, BIV) [15]. The selection of AII was 
also supported with its unique genetic characteristics 
(notably higher ASH) as well as previous observations of 
significant genetic variability not only between described 
assemblages or sub-assemblages, but also within indi-
vidual sub-assemblages [57]. By focussing only on AII 
sub-assemblage, together with usage of the large group 
of clinically described MTZ-sensitive and MTZ-resistant 
giardiasis cases characterized by NGS, we aimed to cre-
ate more controlled experimental setting. The limited 
confounding variability could help to unravel the pre-
cise relationship between genetic variations and drug 
resistance in Giardia and to find out whether genomic 
variations in copy numbers of the multi-copy hmpA gene 
could be linked to Giardia’s adaptability to MTZ toxic-
ity. With both methods, dPCR and NGS, we confirmed 
that CNV of hmpA does not play a significant role in 
protecting Giardia against MTZ treatment despite the 
previous suggestions. We can say that the differences in 
hmpA copy numbers between MTZ-sensitive and clini-
cally MTZ-resistant isolates within sub-assemblage AII 
are less pronounced than those observed between differ-
ent sub-assemblages.

Regrettably, no reliable markers for Giardia’s resist-
ance to MTZ have been identified yet [26, 32], and here, 
we added further evidence that neither CNV of hmpA 
can serve as a marker of MTZ resistance. Resistance in 
parasites such as Giardia and other microorganisms is 
often multifactorial and complex, making it unlikely to 
be associated with a single specific marker. The preferred 
method for detecting MTZ resistance would be a multi-
variate approach capable of distinguishing differences in 
samples on the basis of a specific set of markers, creating 
a diagnostic profile in which each marker plays a partial 
role. We attempted to introduce this approach; however, 
we lacked sufficient number of variables to reliably differ-
entiate MTZ-refractory cases from MTZ-sensitive cases.

Conclusions
G.  intestinalis displays substantial genetic and genomic 
diversity within its assemblages and sub-assemblages. 
This study focused on Giardia AII isolates and aimed 
to investigate genetic and genomic variations associated 
with clinical MTZ resistance. Despite efforts to link CNV 
of the hmpA gene to MTZ resistance, our comprehensive 
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analysis did not reveal an association. Our study has elu-
cidated several important aspects of the flavohemopro-
tein gene in G. intestinalis:

(a) The presence of variable hmpA copy numbers does 
not influence the clinical response of Giardia to 
MTZ treatment, as there was no significant differ-
ence in these numbers between MTZ-resistant and 
MTZ-sensitive isolates within Giardia sub-assem-
blage AII.

(b) The significant variations in the flavohemoprotein 
copy numbers among different sub-assemblages 
were observed, with flavohemoprotein consistently 
present as a multicopy gene, except in sub-assem-
blage AI where it appears as a single copy gene.

Other information revealed:
 (iii) The mosaic aneuploidy in Giardia, particularly 

within sub-assemblage AII, has been described. 
This aspect necessitates careful consideration in the 
design of CNV studies, especially when employing 
dPCR, as it poses challenges in selecting appropri-
ate CNV reference genes.

 (iv) By using both dPCR and NGS methodologies, we 
were able to reciprocally validate our findings and 
identify potential issues fast. The validation of the 
results was a key step for ensuring the reliability of 
our CNV analysis.

 (v) The whole genome amplification proved to be 
unsuitable for CNV analysis of our genes of inter-
est, as the amplification across different regions of 
the genome was not even.

 (vi) This study underscores the complexity of MTZ 
resistance in Giardia, where reliable markers have 
yet to be identified.

Abbreviations
ANOVA  Analysis of variance
bg  β-Giardin gene
CI  Confidence interval
CN  Copy number
CNV  Copy number variation
CTAB  Cetyltrimethylammonium bromide
dPCR  Digital polymerase chain reaction
EG  EvaGreen dye
fd-nr2  Fd-NR2 gene
G1 and G2  Cell cycle checkpoints
gdh  Glutamate dehydrogenase gene
hmpA  Flavohemoprotein gene
λ  Number of gene copies per partition in dPCR
LC480  qPCR instrument LightCycler 480
Mb  Megabyte
MIQE  Minimum information for publication of quantitative real-time 

PCR experiments
MTZ  Metronidazole
NCBI  The National Center for Biotechnology Information
NGS  Next generation sequencing
NO  Nitric oxide

NTC  No template control
PBS  Phosphate-buffered saline buffer solution
PCA  Principal component analysis
qPCR  Quantitative polymerase chain reaction
RD  Read depth method
SRA  Sequence read archive
tpi  Triosephosphate isomerase gene
VSP  Variable surface protein
WGA   Whole genome amplification

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071- 024- 06392-5.

Additional file 1: S1. Primer design and validation of assays: Information 
on primers, PCR products, qPCR protocol, dPCR protocol, assay efficiency, 
dPCR quality and dPCR repeatability.

Additional file 2: S2. Digital PCR data and CNV estimation of genes of inter-
est and dPCR analysis of digested and undigested DNA.

Additional file 3: S3. NGS coverage data and CNV estimation of genes of 
interest. Comparison of WGA and nonWGA data. Analysis of test samples 
for evaluation via the CNV NGS method.

Additional file 4: S4. NGS coverage data for the estimation of chromo-
somal copy numbers and statistical tests for determination of ploidy, 
descriptive statistics and aneuploidy tests.

Acknowledgements
We acknowledge Dr. Christian Klotz from Robert Koch Institute, Berlin, Ger-
many, for providing the NGS contigs for CNV validation and Ing. Aleš Hořínek 
from the Institute of Biology and Medical Genetics, First Faculty of Medicine, 
Charles University and General University Hospital in Prague, Czech Republic, 
for providing access to the QIAcuity One digital PCR instrument.

Author contributions
V.K.: designed the study, analysed and interpreted the data and drafted the 
manuscript; F.W.: analysed the NGS data; A.P.: acquired the dPCR data and col-
lected the samples; and S.M.C., E.N. and P.T.: interpreted the data and critically 
revised the paper.

Funding
This work was supported by Charles University, Prague, Czech Republic 
(PRIMUS/20/MED/008) and by the Czech Health Research Council (grant no. 
NU23-05-00441).

Availability of data and materials
Minimal datasets that are necessary to interpret results reported in the 
manuscript are included in the supplementary information part of the manu-
script. Relevant raw NGS data will be freely available to any scientist wishing 
to use them for non-commercial purposes without breaching participant 
confidentiality. 

Declarations

Ethics approval and consent to participate
All procedures in this study involving human materials and data were 
conducted in compliance with the World Medical Association’s Declaration of 
Helsinki – Ethical Principles for Medical Research Involving Human Subjects 
[58]. The ethical comittee approval number is 6.6.2022/10480/EK-Z.

Consent for publication
All the authors have approved the submitted version and have agreed both to 
be personally accountable for the author’s own contributions and to ensure 
that questions related to the accuracy or integrity of any part of the work, 
even those in which the author was not personally involved, are appropri-
ately investigated and resolved and that the resolution is documented in the 
literature.

https://doi.org/10.1186/s13071-024-06392-5
https://doi.org/10.1186/s13071-024-06392-5


Page 12 of 13Korenková et al. Parasites & Vectors          (2024) 17:336 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Immunology and Microbiology, 1st Faculty of Medicine, Charles 
University, Prague, Czech Republic. 2  Department of Infectious Diseases, 
Istituto Superiore Di Sanita, Rome, Italy. 

Received: 20 February 2024   Accepted: 3 July 2024

References
 1. Morrison HG, McArthur AG, Gillin FD, Aley SB, Adam RD, Olsen GJ et al. 

Genomic minimalism in the early diverging intestinal parasite Giardia 
lamblia. Science. 2007;317:1921–6. https:// doi. org/ 10. 1126/ scien ce. 11438 
37.

 2. Xu FF, Jex A, Svard SG. A chromosome-scale reference genome 
for Giardia intestinalis WB. Sci Data. 2020. https:// doi. org/ 10. 1038/ 
s41597- 020- 0377-y.

 3. Leger MM, Kolisko M, Kamikawa R, Stairs CW, Kume K, Cepicka I, et al. 
Organelles that illuminate the origins of trichomonas hydrogenosomes 
and Giardia mitosomes. Nat Ecol Evol. 2017;1:0092. https:// doi. org/ 10. 
1038/ s41559- 017- 0092.

 4. Tumova P, Dluhosova J, Weisz F, Nohynkova E. Unequal distribution of 
genes and chromosomes refers to nuclear diversification in the binucle-
ated Giardia intestinalis. Int J Parasitol. 2019;49:463–70. https:// doi. org/ 10. 
1016/j. ijpara. 2019. 01. 003.

 5. Tumova P, Uzlikova M, Jurczyk T, Nohynkova E. Constitutive aneuploidy 
and genomic instability in the single-celled eukaryote Giardia intestinalis. 
Microbiologyopen. 2016;5:560–74. https:// doi. org/ 10. 1002/ mbo3. 351.

 6. Bernander R, Palm JE, Svard SG. Genome ploidy in different stages of the 
Giardia lamblia life cycle. Cell Microbiol. 2001;3:55–62. https:// doi. org/ 10. 
1046/j. 1462- 5822. 2001. 00094.x.

 7. Jirakova K, Kulda J, Nohynkova E. How nuclei of Giardia pass through cell 
differentiation: semi-open mitosis followed by nuclear interconnection. 
Protist. 2012;163:465–79. https:// doi. org/ 10. 1016/j. protis. 2011. 11. 008.

 8. Lagunas-Rangel FA, Yee J, Bermudez-Cruz RM. An update on cell division 
of Giardia duodenalis trophozoites. Microbiol Res. 2021;250:126807. 
https:// doi. org/ 10. 1016/j. micres. 2021. 126807.

 9. Ankarklev J, Franzen O, Peirasmaki D, Jerlstrom-Hultqvist J, Lebbad M, 
Andersson J, et al. Comparative genomic analyses of freshly isolated 
Giardia intestinalis assemblage A isolates. BMC Genomics. 2015;16:697. 
https:// doi. org/ 10. 1186/ s12864- 015- 1893-6.

 10. Ey PL, Mansouri M, Kulda J, Nohynkova E, Monis PT, Andrews RH, et al. 
Genetic analysis of Giardia from hoofed farm animals reveals artiodactyl-
specific and potentially zoonotic genotypes. J Eukaryot Microbiol. 
1997;44:626–35. https:// doi. org/ 10. 1111/j. 1550- 7408. 1997. tb059 70.x.

 11. Jerlstrom-Hultqvist J, Franzen O, Ankarklev J, Xu FF, Nohynkova E, Anders-
son JO, et al. Genome analysis and comparative genomics of a Giardia 
intestinalis assemblage E isolate. Bmc Genomics. 2010. https:// doi. org/ 10. 
1186/ 1471- 2164- 11- 543.

 12. Zajaczkowski P, Lee R, Fletcher-Lartey SM, Alexander K, Mahimbo A, Stark 
D, et al. The controversies surrounding Giardia intestinalis assemblages A 
and B. Curr Res Parasitol Vector Borne Dis. 2021;1:100055. https:// doi. org/ 
10. 1016/j. crpvbd. 2021. 100055.

 13. Caccio SM, Beck R, Lalle M, Marinculic A, Pozio E. Multilocus genotyping 
of Giardia duodenalis reveals striking differences between assemblages 
A and B. Int J Parasitol. 2008;38:1523–31. https:// doi. org/ 10. 1016/j. ijpara. 
2008. 04. 008.

 14. Klotz C, Sannella AR, Weisz F, Chaudhry U, Sroka J, Tumova P, et al. 
Extensive testing of a multi-locus sequence typing scheme for Giardia 
duodenalis assemblage A confirms its good discriminatory power. Para-
site Vector. 2022. https:// doi. org/ 10. 1186/ s13071- 022- 05615-x.

 15. Monis PT, Caccio SM, Thompson RC. Variation in Giardia: towards a taxo-
nomic revision of the genus. Trends Parasitol. 2009;25:93–100. https:// doi. 
org/ 10. 1016/j. pt. 2008. 11. 006.

 16. Seabolt MH, Roellig DM, Konstantinidis KT. Genomic comparisons 
confirm Giardia duodenalis sub-assemblage AII as a unique species. Front 
Cell Infect Mi. 2022. https:// doi. org/ 10. 3389/ fcimb. 2022. 10102 44.

 17. Wielinga C, Williams A, Monis P, Thompson RCA. Proposed taxonomic 
revision of Giardia duodenalis. Infect Genet Evol. 2023;111:105430. 
https:// doi. org/ 10. 1016/j. meegid. 2023. 105430.

 18. Xu F, Jimenez-Gonzalez A, Einarsson E, Astvaldsson A, Peirasmaki D, 
Eckmann L, et al The compact genome of Giardia muris reveals important 
steps in the evolution of intestinal protozoan parasites. Microb Genom. 
2020. https:// doi. org/ 10. 1099/ mgen.0. 000402.

 19. Kamikawa R, Inagaki Y, Hashimoto T. Secondary loss of a cis-spliced intron 
during the divergence of Giardia intestinalis assemblages. BMC Res 
Notes. 2014;7:413. https:// doi. org/ 10. 1186/ 1756- 0500-7- 413.

 20. Xue M, Chen B, Ye Q, Shao J, Lyu Z, Wen J. Sense-antisense gene overlap 
is probably a cause for retaining the few introns in Giardia genome 
and the implications. Biol Direct. 2018;13:23. https:// doi. org/ 10. 1186/ 
s13062- 018- 0226-5.

 21. Adam RD, Nigam A, Seshadri V, Martens CA, Farneth GA, Morrison HG, 
et al. The Giardia lamblia vsp gene repertoire: characteristics, genomic 
organization, and evolution. Bmc Genomics. 2010. https:// doi. org/ 10. 
1186/ 1471- 2164- 11- 424.

 22. Rafferty S, Luu B, March RE, Yee J. Giardia lamblia encodes a functional 
flavohemoglobin. Biochem Biophys Res Commun. 2010;399:347–51. 
https:// doi. org/ 10. 1016/j. bbrc. 2010. 07. 073.

 23. Rafferty SP, Dayer G. Heme proteins of Giardia intestinalis. Exp Parasitol. 
2015;159:13–23. https:// doi. org/ 10. 1016/j. exppa ra. 2015. 08. 001.

 24. Poole RK. Flavohaemoglobin: the pre-eminent nitric oxide-detoxifying 
machine of microorganisms. F1000Res. 2020. https:// doi. org/ 10. 12688/ 
f1000 resea rch. 20563.1.

 25. Mastronicola D, Testa F, Forte E, Bordi E, Pucillo LP, Sarti P, et al. Biochem 
Biophys Res Commun. 2010;399:654–8. https:// doi. org/ 10. 1016/j. bbrc. 
2010. 07. 137.

 26. Muller J, Braga S, Heller M, Muller N. Resistance formation to nitro drugs 
in Giardia lamblia: no common markers identified by comparative prot-
eomics. Int J Parasitol Drugs Drug Resist. 2019;9:112–9. https:// doi. org/ 10. 
1016/j. ijpddr. 2019. 03. 002.

 27. Muller J, Hemphill A, Muller N. Physiological aspects of nitro drug resist-
ance in Giardia lamblia. Int J Parasitol Drugs Drug Resist. 2018;8:271–7. 
https:// doi. org/ 10. 1016/j. ijpddr. 2018. 04. 008.

 28. Lalle M, Hanevik K. Treatment-refractory giardiasis: challenges and solu-
tions. Infect Drug Resist. 2018;11:1921–33. https:// doi. org/ 10. 2147/ IDR. 
S1414 68.

 29. Bourque DL, Neumayr A, Libman M, Chen LH. Treatment strategies for 
nitroimidazole-refractory giardiasis: a systematic review. J Travel Med. 
2022. https:// doi. org/ 10. 1093/ jtm/ taab1 20.

 30. Carter ER, Nabarro LE, Hedley L, Chiodini PL. Nitroimidazole-refractory 
giardiasis: a growing problem requiring rational solutions. Clin Microbiol 
Infect. 2018;24:37–42. https:// doi. org/ 10. 1016/j. cmi. 2017. 05. 028.

 31. Morch K, Hanevik K. Giardiasis treatment: an update with a focus on 
refractory disease. Curr Opin Infect Dis. 2020;33:355–64. https:// doi. org/ 
10. 1097/ QCO. 00000 00000 000668.

 32. Krakovka S, Ribacke U, Miyamoto Y, Eckmann L, Svard S. Characteriza-
tion of metronidazole-resistant Giardia intestinalis lines by comparative 
transcriptomics and proteomics. Front Microbiol. 2022;13:834008. https:// 
doi. org/ 10. 3389/ fmicb. 2022. 834008.

 33. Saghaug CS, Klotz C, Kallio JP, Aebischer T, Langeland N, Hanevik K. 
Genetic diversity of the flavohemoprotein gene of Giardia lamblia: evi-
dence for high allelic heterozygosity and copy number variation. Infect 
Drug Resist. 2020;13:4531–45. https:// doi. org/ 10. 2147/ IDR. S2745 43.

 34. Kubota R, Ishino T, Iwanaga S, Shinzawa N. Evaluation of the effect of 
gene duplication by genome editing on drug resistance in plasmodium 
falciparum. Front Cell Infect Microbiol. 2022;12:915656. https:// doi. org/ 10. 
3389/ fcimb. 2022. 915656.

 35. Lecova L, Weisz F, Tumova P, Tolarova V, Nohynkova E. The first multilocus 
genotype analysis of Giardia intestinalis in humans in the Czech Republic. 
Parasitology. 2018;145:1577–87. https:// doi. org/ 10. 1017/ S0031 18201 
80004 09.

 36. Medicine NLo: Primer-BLAST. 2024. https:// www. ncbi. nlm. nih. gov/ tools/ 
primer- blast/. Accessed 08 Feb 2024.

 37. Huggett JF, Foy CA, Benes V, Emslie K, Garson JA, Haynes R, et al. The digi-
tal MIQE guidelines: minimum information for publication of quantitative 

https://doi.org/10.1126/science.1143837
https://doi.org/10.1126/science.1143837
https://doi.org/10.1038/s41597-020-0377-y
https://doi.org/10.1038/s41597-020-0377-y
https://doi.org/10.1038/s41559-017-0092
https://doi.org/10.1038/s41559-017-0092
https://doi.org/10.1016/j.ijpara.2019.01.003
https://doi.org/10.1016/j.ijpara.2019.01.003
https://doi.org/10.1002/mbo3.351
https://doi.org/10.1046/j.1462-5822.2001.00094.x
https://doi.org/10.1046/j.1462-5822.2001.00094.x
https://doi.org/10.1016/j.protis.2011.11.008
https://doi.org/10.1016/j.micres.2021.126807
https://doi.org/10.1186/s12864-015-1893-6
https://doi.org/10.1111/j.1550-7408.1997.tb05970.x
https://doi.org/10.1186/1471-2164-11-543
https://doi.org/10.1186/1471-2164-11-543
https://doi.org/10.1016/j.crpvbd.2021.100055
https://doi.org/10.1016/j.crpvbd.2021.100055
https://doi.org/10.1016/j.ijpara.2008.04.008
https://doi.org/10.1016/j.ijpara.2008.04.008
https://doi.org/10.1186/s13071-022-05615-x
https://doi.org/10.1016/j.pt.2008.11.006
https://doi.org/10.1016/j.pt.2008.11.006
https://doi.org/10.3389/fcimb.2022.1010244
https://doi.org/10.1016/j.meegid.2023.105430
https://doi.org/10.1099/mgen.0.000402
https://doi.org/10.1186/1756-0500-7-413
https://doi.org/10.1186/s13062-018-0226-5
https://doi.org/10.1186/s13062-018-0226-5
https://doi.org/10.1186/1471-2164-11-424
https://doi.org/10.1186/1471-2164-11-424
https://doi.org/10.1016/j.bbrc.2010.07.073
https://doi.org/10.1016/j.exppara.2015.08.001
https://doi.org/10.12688/f1000research.20563.1
https://doi.org/10.12688/f1000research.20563.1
https://doi.org/10.1016/j.bbrc.2010.07.137
https://doi.org/10.1016/j.bbrc.2010.07.137
https://doi.org/10.1016/j.ijpddr.2019.03.002
https://doi.org/10.1016/j.ijpddr.2019.03.002
https://doi.org/10.1016/j.ijpddr.2018.04.008
https://doi.org/10.2147/IDR.S141468
https://doi.org/10.2147/IDR.S141468
https://doi.org/10.1093/jtm/taab120
https://doi.org/10.1016/j.cmi.2017.05.028
https://doi.org/10.1097/QCO.0000000000000668
https://doi.org/10.1097/QCO.0000000000000668
https://doi.org/10.3389/fmicb.2022.834008
https://doi.org/10.3389/fmicb.2022.834008
https://doi.org/10.2147/IDR.S274543
https://doi.org/10.3389/fcimb.2022.915656
https://doi.org/10.3389/fcimb.2022.915656
https://doi.org/10.1017/S0031182018000409
https://doi.org/10.1017/S0031182018000409
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/


Page 13 of 13Korenková et al. Parasites & Vectors          (2024) 17:336  

digital PCR experiments. Clin Chem. 2013;59:892–902. https:// doi. org/ 10. 
1373/ clinc hem. 2013. 206375.

 38. Quan PL, Sauzade M, Brouzes E. dPCR: a technology review. Sensors-Basel. 
2018. https:// doi. org/ 10. 3390/ s1804 1271.

 39. Weisz F, Lalle M, Nohynkova E, Sannella AR, Dluhosova J, Caccio SM. Test-
ing the impact of whole genome amplification on genome comparison 
using the polyploid flagellated Giardia duodenalis as a model. Exp 
Parasitol. 2019. https:// doi. org/ 10. 1016/j. exppa ra. 2019. 107776.

 40. Klotz C, Schmid MW, Winter K, Ignatius R, Weisz F, Saghaug CS, et al. 
Highly contiguous genomes of human clinical isolates of Giardia duode-
nalis reveal assemblage- and sub-assemblage-specific presence-absence 
variation in protein-coding genes. Microb Genom. 2023. https:// doi. org/ 
10. 1099/ mgen.0. 000963.

 41. Ghosh S, Kumar V, Verma A, Sharma T, Pradhan D, Selvapandiyan A, et al. 
Genome-wide analysis reveals allelic variation and chromosome copy 
number variation in paromomycin-resistant Leishmania donovani. Parasi-
tol Res. 2022;121:3121–32. https:// doi. org/ 10. 1007/ s00436- 022- 07645-x.

 42. Trost B, Walker S, Wang Z, Thiruvahindrapuram B, MacDonald JR, Sung 
WWL, et al. Am J Hum Genet. 2018;102:142–55. https:// doi. org/ 10. 1016/j. 
ajhg. 2017. 12. 007.

 43. Yoon ST, Xuan ZY, Makarov V, Ye K, Sebat J. Sensitive and accurate detec-
tion of copy number variants using read depth of coverage. Genome Res. 
2009;19:1586–92. https:// doi. org/ 10. 1101/ gr. 092981. 109.

 44. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114–20. https:// doi. org/ 10. 
1093/ bioin forma tics/ btu170.

 45. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25:1754–60. https:// doi. org/ 10. 
1093/ bioin forma tics/ btp324.

 46. Broad Institute. 2019. https:// broad insti tute. github. io/ picard/. Accessed 
08 Feb 2024.

 47. Garcia-Alcalde F, Okonechnikov K, Carbonell J, Cruz LM, Gotz S, Tarazona 
S, et al. Qualimap: evaluating next-generation sequencing alignment 
data. Bioinformatics. 2012;28:2678–9. https:// doi. org/ 10. 1093/ bioin forma 
tics/ bts503.

 48. Bussotti G, Gouzelou E, Cortes Boite M, Kherachi I, Harrat Z, Eddaikra N, 
et al. Leishmania genome dynamics during environmental adaptation 
reveal strain-specific differences in gene copy number variation, karyo-
type instability, and telomeric amplification. Mbio. 2018. https:// doi. org/ 
10. 1128/ mBio. 01399- 18.

 49. Team D: DATAtab: Online Statistics Calculator. 2024. https:// datat ab. net. 
Accessed 08 Feb 2024.

 50. Mazaika E, Homsy J. Digital droplet PCR: CNV analysis and other applica-
tions. Curr Protoc Hum Genet. 2014. https:// doi. org/ 10. 1002/ 04711 42905. 
hg072 4s82.

 51. Pinheiro LB, Coleman VA, Hindson CM, Herrmann J, Hindson BJ, Bhat S, 
et al. Evaluation of a droplet digital polymerase chain reaction format for 
DNA copy number quantification. Anal Chem. 2012;84:1003–11. https:// 
doi. org/ 10. 1021/ ac202 578x.

 52. Talevich E, Shain AH, Botton T, Bastian BC. CNVkit: genome-wide copy 
number detection and visualization from targeted DNA sequencing. Plos 
Comput Biol. 2016;12:e1004873. https:// doi. org/ 10. 1371/ journ al. pcbi. 
10048 73.

 53. Jager R. Special issue on whole genome amplification. Int J Mol Sci. 2023. 
https:// doi. org/ 10. 3390/ ijms2 41196 26.

 54. Deleye L, Tilleman L, Vander Plaetsen AS, Cornelis S, Deforce D, Van 
Nieuwerburgh F. Performance of four modern whole genome amplifica-
tion methods for copy number variant detection in single cells. Sci Rep. 
2017;7:3422. https:// doi. org/ 10. 1038/ s41598- 017- 03711-y.

 55. Negreira GH, de Groote R, Van Giel D, Monsieurs P, Maes I, de Muylder G, 
et al. The adaptive roles of aneuploidy and polyclonality in Leishmania 
in response to environmental stress. EMBO Rep. 2023. https:// doi. org/ 10. 
15252/ embr. 20235 7413.

 56. Negreira GH, Monsieurs P, Imamura H, Maes I, Kuk N, Yagoubat A, et al. 
High throughput single-cell genome sequencing gives insights into the 
generation and evolution of mosaic aneuploidy in Leishmania donovani. 
Nucleic Acids Res. 2022;50:293–305. https:// doi. org/ 10. 1093/ nar/ gkab1 
203.

 57. Tibayrenc M. Subspecific nomenclature of giardia duodenalis in the 
light of a compared population genomics of pathogens. Pathogens. 
2023;12:249. https:// doi. org/ 10. 3390/ patho gens1 20202 49.

 58. Association WM: Declaration of Helsinki. 2024. https:// www. wma. net/ 
what- we- do/ medic al- ethics/ decla ration- of- helsi nki/i/. Accessed 08 Feb 
2024.

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1373/clinchem.2013.206375
https://doi.org/10.1373/clinchem.2013.206375
https://doi.org/10.3390/s18041271
https://doi.org/10.1016/j.exppara.2019.107776
https://doi.org/10.1099/mgen.0.000963
https://doi.org/10.1099/mgen.0.000963
https://doi.org/10.1007/s00436-022-07645-x
https://doi.org/10.1016/j.ajhg.2017.12.007
https://doi.org/10.1016/j.ajhg.2017.12.007
https://doi.org/10.1101/gr.092981.109
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://broadinstitute.github.io/picard/
https://doi.org/10.1093/bioinformatics/bts503
https://doi.org/10.1093/bioinformatics/bts503
https://doi.org/10.1128/mBio.01399-18
https://doi.org/10.1128/mBio.01399-18
https://datatab.net
https://doi.org/10.1002/0471142905.hg0724s82
https://doi.org/10.1002/0471142905.hg0724s82
https://doi.org/10.1021/ac202578x
https://doi.org/10.1021/ac202578x
https://doi.org/10.1371/journal.pcbi.1004873
https://doi.org/10.1371/journal.pcbi.1004873
https://doi.org/10.3390/ijms24119626
https://doi.org/10.1038/s41598-017-03711-y
https://doi.org/10.15252/embr.202357413
https://doi.org/10.15252/embr.202357413
https://doi.org/10.1093/nar/gkab1203
https://doi.org/10.1093/nar/gkab1203
https://doi.org/10.3390/pathogens12020249
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/i/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/i/

	Comprehensive analysis of flavohemoprotein copy number variation in Giardia intestinalis: exploring links to metronidazole resistance
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Samples
	Digital PCR assay designs and optimization
	Digital PCR principle in the context of our experiment
	Isolation of DNA for NGS and generation of DNA libraries
	Raw NGS reads for CNV method verification
	Gene CNV estimation using NGS data
	Chromosomal CNV estimation using NGS data
	Statistical analysis

	Results
	Impact of genetic variability of hmpA on metronidazole treatment outcomes
	Validation of dPCR results using parallel NGS methodology
	The whole genome amplification in NGS: a troublesome variable
	Validation of dPCR data with NGS data
	Variation in the number of chromosomes
	MTZ resistance in Giardia isolates AII: a comprehensive multivariate analysis
	Flavohemoprotein CNVs in various Giardia sub-assemblages

	Discussion
	Conclusions
	Acknowledgements
	References


