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Abstract

Background The mechanisms underlying the clinical outcome disparity during human infection with Giardia duode-
nalis are still unclear. In recent years, evidence has pointed to the roles of host factors as well as parasite’s genetic het-
erogeneity as major contributing factors in the development of symptomatic human giardiasis. However, it remains
contested as to how only a small fraction of individuals infected with G. duodenalis develop clinical gastrointestinal
manifestations, whereas the majority of infected individuals remain asymptomatic. Here, we demonstrate that diver-
sity in the fecal microbiome correlates with the clinical outcome of human giardiasis.

Methods The genetic heterogeneity of G. duodenalis clinical isolates from human subjects with asymptomatic

and symptomatic giardiasis was determined using a multilocus analysis approach. We also assessed the genetic prox-
imity of G. duodenalis isolates by constructing phylogenetic trees using the maximum likelihood. Total genomic DNA
(gDNA) from fecal specimens was utilized to construct DNA libraries, followed by performing paired-end sequenc-
ing using the HiSeq X platform. The Kraken2-generated, filtered FASTQ files were assigned to microbial metabolic
pathways and functions using HUMANN 3.04 and the UniRef90 diamond annotated full reference database (version
201901b). Results from HUMANN for each sample were evaluated for differences among the biological groups using
the Kruskal-Wallis non-parametric test with a post hoc Dunn test.

Results We found that a total of 8/11 (72.73%) human subjects were infected with assemblage A (sub-assemblage
All) of G. duodenalis, whereas 3/11 (27.27%) human subjects in the current study were infected with assemblage

B of the parasite. We also found that the parasite’s genetic diversity was not associated with the clinical out-

come of the infection. Further phylogenetic analysis based on the tpi and gdh loci indicated that those clinical

isolates belonging to assemblage A of G. duodenalis subjects clustered compactly together in a monophyletic

clade despite being isolated from human subjects with asymptomatic and symptomatic human giardiasis. Using

a metagenomic shotgun sequencing approach, we observed that infected individuals with asymptomatic and symp-
tomatic giardiasis represented distinctive microbial diversity profiles, and that both were distinguishable from the pro-
files of healthy volunteers.
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Conclusions These findings identify a potential association between host microbiome disparity with the develop-
ment of clinical disease during human giardiasis, and may provide insights into the mechanisms by which the parasite
induces pathological changes in the gut. These observations may also lead to the development of novel selective
therapeutic targets for preventing human enteric microbial infections.
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Background

Human enteric microbial infections are considered a
leading cause of morbidity and mortality in children
under the age of 5 in underdeveloped and developing
nations, leading to 1.3 million deaths per year [1-4].
Human giardiasis, caused by Giardia duodenalis, is one
of the most commonly identified intestinal protozoan
infections, with 280 million new cases annually world-
wide [5]. The prevalence rates of human giardiasis vary
greatly from 20 to 30% in developing countries to up to
5% in developed nations [6, 7]. Human giardiasis is the
most commonly identified intestinal parasitic disease
in the United States, with one million estimated human
giardiasis cases reported annually [8—10]. Infection with
G. duodenalis is associated with a wide range of clinical
outcomes. Most cases of human giardiasis are associated
with no overt clinical symptoms, whereas others report
severe gastrointestinal symptoms, accompanied by a
nutrient malabsorption syndrome [2, 3, 11-13]. Despite
the widespread distribution of human giardiasis, very lit-
tle is known about the mechanisms responsible for these
variable outcomes.

Giardia duodenalis is a genetically heterogeneous
group that has been divided into eight clades (A-H),
referred to as assemblages, based on sequences of the
18S ribosomal RNA (rRNA) and housekeeping loci such
as triose phosphate isomerase (fpi), glutamate dehydro-
genase (gdh), and B-giardin (bg) [14]. Only assemblages
A and B are commonly observed in humans, although
both are also identified in many other mammalian hosts
[15-17]. Multiple studies have investigated a potential
association between parasite genotype/assemblage and
the clinical or immunopathological outcomes of human
giardiasis [18-21]. Some studies have documented a
direct correlation between a given genotype/assemblage
and the induction of immunopathological alterations in
the gut following human and murine giardiasis [22—24],
whereas others have failed to establish such an asso-
ciation [25-28]. The lack of a direct association between
those loci used for the assemblage identification and the
propensity of a given genotype/assemblage to induce gut
immunopathology could potentially explain the disparity
in the outcomes of murine and human giardiasis [2].

Over the last few decades, several hypotheses have been
suggested to account for the variations observed in the

clinical outcomes of G. duodenalis infections in humans
[reviewed in (2,3)]. The ability of a given G. duodenalis
isolate to elicit T cell-dependent immune responses has
been proposed as a mechanism by which immunopatho-
logical changes, including disaccharide deficiency, are
induced [2, 3, 29-31]. Mice deficient in CD8% T cells
(beta-2 microglobulin [$2m]~/") failed to develop disac-
charidase deficiency (e.g., sucrase deficiency) following
G. duodenalis infection, whereas the ability of these mice
to clear the parasite was unaffected [11]. Consistent with
these findings, the adoptive transfer of mucosal CD8* T
cells, but not CD4™" T cells, isolated from Giardia muris-
infected donors was sufficient to induce mucosal inju-
ries, including loss of microvilli surface area and reduced
disaccharidase activity, in T cell-deficient recipients as
compared with their controls [32, 33]. Further investi-
gations demonstrated that the activation of pathogenic
CD8* T cells was dependent on the microbiome and that
the treatment of G. duodenalis-infected mice with an
antibiotic cocktail abolished the induction of disaccha-
ridase deficiency as compared with controls [34]. These
observations suggest a critical role played by the host
microbiome in the regulation of immunopathological
sequelae in the gut during giardiasis.

Isogenic mice obtained from different commercial ven-
dors had varied susceptibility to G. duodenalis infection,
and the resistance to infection was readily transferable
to the susceptible mice upon being co-housed before G.
duodenalis infection [35]. Notably, the transfer of the
fecal microbiome from human subjects with sympto-
matic giardiasis into conventional mice led to increased
pathogenicity of G. duodenalis and more severe immuno-
pathological alterations in these mice as compared with
germ-free animals [36]. Further studies have established
an intimate crosstalk between the mammalian host, the
microbiome, and the outcome of Giardia spp. infection
[37-40]. These observations suggest critical roles played
by the microbiome in determining host susceptibility and
parasite pathogenicity during giardiasis.

The microbiome undergoes drastic alterations follow-
ing infections with both assemblages A and B of G. duo-
denalis, and these changes depend on the host’s genetic
background [41, 42]. These alterations in the microbi-
ome are not restricted to the proximal portions of the
small intestine, where G. duodenalis mainly dwells, but



McGregor et al. Parasites & Vectors (2023) 16:239

are observed throughout the entire intestinal tract of
infected hosts and can persist even after parasite clear-
ance [43, 44].

Prebiotic or probiotic supplementation prior to or
concurrent with G. duodenalis infection resulted in sig-
nificant attenuation in the severity of giardiasis, modula-
tion of immune responses, and restored morphological
abnormalities associated with G. duodenalis infection
in mice [45, 46]. Animals receiving a high-fiber diet had
enhanced secretion of the intestinal mucus and were
more resistant to G. duodenalis infection when com-
pared with control mice fed a low-fiber diet [47]. Those
maintained on a diet with high fat content, however,
were more susceptible to G. duodenalis infection with
signs of mucus layer disruption, goblet cell hyperplasia,
and microbiome dysbiosis [48]. These observations dem-
onstrate that the exogenous dietary prebiotic is likely to
contribute to the pathogenesis of giardiasis by regulating
the parasite’s virulence factors and/or modulating host
immune responses.

Here we investigated the association between the par-
asite’s genetic diversity/microbiome diversity and the
development of clinical symptoms in human subjects
with G. duodenalis infections. Our findings reveal a pre-
viously lesser-known role played by the host microbiome
and its association with clinical symptoms during human
giardiasis. The understanding of the mechanisms by
which G. duodenalis interacts with the host microbiome,
as well as the crosstalk between host and parasite factors,
will provide insights into novel mechanisms by which the
parasite induces pathological changes and may further
demonstrate the mechanisms underlying variations in
the clinical outcome observed during human giardiasis.
Defining the crosstalk between the pathogen and host
factors may further provide protective and therapeutic
targets for the control of human G. duodenalis infections.

Methods

Study subjects

Fecal specimens were collected from healthy volunteers
and individuals infected with G. duodenalis in an area
endemic for human giardiasis in central Iran. The demo-
graphics of participants in this study are presented in
Table 1. The demographics (mean + SEM) were analyzed
using GraphPad Prism software (version 8.4.0; GraphPad,
San Diego, CA).

Infected individuals with asymptomatic giardiasis with
no prior signs of symptomatic disease were included,
whereas individuals with symptomatic giardiasis mainly
experienced gastrointestinal symptoms. Infected human
subjects were initially defined as individuals positive for
G. duodenalis trophozoites/cysts using stool microscopy
on saline wet mount fecal preparations, confirmed by a
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Table 1 Study group demographics
Age (years) Sex
Median Mean+SEM  Range Female Male (%)
(years) (%)
Human 32 33534525 5-73 4(23.52) 13 (76.48)
subjects
(n=17)

mean + SEM, mean + standard error of the mean

subsequent positive stool-based polymerase chain reac-
tion (PCR) assay using sets of species-specific primers for
G. duodenalis. The healthy controls were enrolled from
individuals being negative for G. duodenalis using stool
microscopy on saline wet mount fecal preparations, fol-
lowed by a negative stool-based PCR assay for G. duo-
denalis. No other pathogenic protozoan or helminth
parasites were detected in the feces of these individuals.

Ethics statement

Written informed consent was obtained from all partici-
pants or their parents/legal representatives in the case
of minors. This study was approved by the Ethical Com-
mittee of the Kashan University of Medical Sciences in
accordance with the Iranian Ministry of Health, Treat-
ment and Medical Training Protection Code of Human
Subjects in Medical Research. The institutional biosafety
committees of the University of North Dakota School
of Medicine and Health Sciences (#IBC-202103-026)
and Georgetown University (#IBC-27-18) reviewed and
approved this study.

DNA preparation and stool-based multilocus

sequence typing (MLST) of G. duodenalis isolates using
next-generation sequencing (NGS) of the tpi, gdh, and bg
loci

Total genomic DNA (gDNA) extraction from fecal sam-
ples for MLST of G. duodenalis isolates was performed
by Molecular Research LP (Shallowater, TX, USA) as
described previously [49]. The oligonucleotide primers
AL3543 (external forward), AL3546 (external reverse),
AL3544 (internal forward), and AL3545 (internal reverse)
were used to specifically PCR-amplify a 530-base-pair
(bp) fragment within the tpi locus of G. duodenalis as
described earlier (Additional file 1: Table S1) [49, 50].
PCR amplifications were performed in 50 pl reaction
volumes as described [49]. The PCR amplification pro-
gram consisted of an initial template denaturation step
of 5 min at 95 °C, followed by 35 amplification cycles of
45 s at 94 °C, 45 s at 50 °C, and 60 s at 72 °C with a final
extension of 10 min at 72 °C. In the second PCR reaction,
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the annealing temperature was increased to 58 °C, while
other parameters were left unaltered [51, 52].

Giardia duodenalis mixed infections (assemblages
A+B) were identified by targeting the ¢pi locus of G. duo-
denalis using a nested-PCR strategy as described earlier
[51, 53]. The primary PCR amplification program was
identical to that described above, whereas the second
PCR reaction was performed using assemblage-specific
oligonucleotide primers Af and Ar (assemblage A) and Bf
and Br (assemblage B) (Additional file 1: Table S1). These
primers yielded 332-bp and 400-bp amplicons within the
tpi locus of the assemblages A and B of G. duodenalis,
respectively [52].

The bg locus of G. duodenalis was also amplified by
nested PCR using external and internal forward and
reverse oligonucleotide primers G7, G759, BG511F, and
BG511R, respectively [54, 55]. The primary and sec-
ondary PCR reactions were performed in 50 ul reaction
volumes as previously described [49]. The amplifica-
tion program started with an initial denaturation step of
5 min at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s
at 65 °C, and 30 s at 72 °C with a final extension of 7 min
at 72 °C [52]. In the second step of the PCR amplifica-
tion, the annealing temperature was decreased to 55 °C,
whereas other parameters were left unchanged.

The external forward and reverse oligonucleotide prim-
ers GDHeF and GDHIR, and internal forward GDHiF
and reverse primer GDHiR were employed to amplify a
432-bp region of the gdh gene of G. duodenalis as indi-
cated in Additional file 1: Table S1 [56]. The primary and
secondary PCR reactions were performed in 50 pl reac-
tion volumes as described [49].

The amplification scheme consisted of an initial step at
94 °C for 3 min, one cycle at 94 °C for 2 min, 61 °C for
1 min, and 68 °C for 2 min, followed by 30 amplifica-
tion cycles at 94 °C for 30 s, 61 °C for 20 s, 68 °C for 20 s
and a final extension at 68 °C for 7 min. The secondary
PCR amplification consisted of an initial step at 94 °C
for 3 min, one cycle at 94 °C for 2 min, 60 °C for 1 min,
and 65 °C for 2 min, followed by 15 amplification cycles
at 94 °C for 30 s, 60 °C for 20 s, 65 °C for 20 s with a final
extension at 65 °C for 7 min.

The PCR products were size-fractionated on a 2% aga-
rose gel in order to assess the amplification success and
the DNA concentrations. The PCR-amplified products
were further purified using calibrated AMPure® XP
magnetic beads, followed by the Illumina DNA library
preparations. Purified PCR amplicons were subjected to
sequencing analysis using a next-generation proprietary
technology (bTEFAP®) on the Illumina MiSeq platform
at Molecular Research LP (Shallowater, TX, USA), with
the maximum expected error threshold set to 1.0.
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Phylogenetic analysis of the tpi, gdh, and bg loci of G.
duodenalis clinical isolates

The amplicons yielded for each locus were directly sub-
jected to sequencing analysis in both directions (Molec-
ular Research LP, Shallowater, TX, USA). The DNA
sequences were visualized and read by the CHROMAS
program (Technelysium Pty Ltd., Queensland, Australia)
and further aligned and assembled using DNASIS MAX
(v. 3.0; Hitachi, Yokohama, Japan). The DNA sequences
were blasted (http://blast.ncbi.nlm.nih.gov) against
standard DNA sequences deposited in GenBank to com-
pare sequence homology. The DNA sequences of the
tpi, bg, and gdh loci were concatenated to obtain a single
combined sequence for each G. duodenalis isolate suc-
cessfully amplified at corresponding loci.

Phylogenetic trees were constructed using maximum
likelihood with evolutionary distances calculated by the
best-fitting model to describe a robust estimate of the
evolutionary distances by MEGA X (www.megasoftware.
net), and a subsequent 1000-replicate bootstrap to evalu-
ate the reliability of clusters. The sequences obtained
from this study have been deposited in GenBank under
the accession numbers LC744999-LC745009 (tpi),
LC745010-LC745020 (bg), and LC745021-LC745031

(gdh).

Isolation and quantification of stool bacterial DNA

Total gDNA from fecal specimens was isolated using
the QIAGEN DNeasy PowerSoil Pro Kit (Qiagen, Ger-
mantown, MD, USA), according to the manufacturer’s
instructions. The quality and the quantity of isolated
gDNA samples were determined with a Qubit" 4 fluo-
rometer using a Qubit" dsDNA [double-stranded DNA]
HS Assay Kit (Thermo Fisher Scientific, Waltham, MA,

USA) according to the manufacturer’s specifications.

Library preparation and the shotgun microbiome
sequencing

DNA libraries were constructed using the Illumina Nex-
tera XT DNA Library Preparation Kit (Illumina, San
Diego, CA, USA), followed by indexing utilizing the Inte-
grated DNA Technologies (IDT) unique dual indexes
with a total gDNA input of 1 ng. The gDNA enzymatic
fragmentation was performed using an Illumina Nextera
XT kit (Illumina, San Diego, CA, USA). Subsequently,
the unique dual indexes were added to each sample, fol-
lowed by 12 cycles of PCR to construct libraries. The
DNA libraries were further enriched using AMPure
magnetic beads (Beckman Coulter) and eluted in Buffer
EB (Qiagen). The purified DNA libraries were quanti-
fied using Qubit 4 fluorometer and Qubit® dsDNA HS
Assay Kit (Thermo Fisher Scientific) according to the
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manufacturer’s instructions. A paired-end sequencing
(2x150-bp) was performed on the HiSeq X platform.

Bioinformatics analysis

The HiSeq X platform utilizes a high-performance data-
mining k-mer-based algorithm that efficiently groups
millions of short sequence reads into distinct genome
sequences. This platform consists of a pre-computation
phase for reference databases and a per-sample compu-
tation phase. The inputs for the pre-computation phase
are databases of reference genomes, virulence, and anti-
microbial resistance markers, whereas the outputs for
the pre-computational phase consist of phylogenetic
relationships of microbes with a set of variable-length
k-mer fingerprints. The per-sample computational phase,
however, searches and compares hundreds of millions of
short sequence reads or contigs from de novo assemblies
against the fingerprint profiles. This query strategy ena-
bles the sensitive and accurate detection and the taxo-
nomic classifications of microbial NGS reads, resulting
in high-resolution taxonomic profiling and relative abun-
dance estimates for the microbial NGS datasets. Relative
abundance estimates were calculated by taking the abun-
dance score for an individual taxon and dividing it by the
total abundance score per group of samples. A filtering
threshold based on the internal statistical scores derived
from examining a large number of diverse metagen-
omes was further employed to exclude false positive
identifications.

Sequencing data analysis

Classified reads from CosmosID (CosmosID proprietary
database; Germantown, MD, USA) were used to create
a phyloseq object which was assessed for diversity met-
rics based on bacterial counts at the species level using
the phyloseq (version 1.38.0) and microbial (https://
cran.r-project.org/web/packages/microbial/index.html)
R packages. Principal coordinate analysis (PCoA) plots
using Bray—Curtis and Jaccard dissimilarity indices were
generated based on genus-level bacterial read counts to
identify differences between groups. Differential abun-
dance analysis between groups was performed using the
DESeq?2 package (version 1.34.0) with a P<0.05 and abso-
lute log*fold change>1 based on genus-level bacterial
read counts.

Pathway enrichment analysis

The raw paired-end sequencing data were obtained
from CosmosID and assessed for quality using FastQC
(version 0.11.9) and cleaned using Trimmomatic (ver-
sion 0.39). Filtered reads were reassessed for qual-
ity using FastQC and classified taxonomically using
Kraken2 (version 2.12) based on the Kraken2 PlusPF
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database (version 20210517). The Kraken2-generated,
filtered FASTQ files were assigned to microbial meta-
bolic pathways and functions using HUMAnN 3.04
(http://huttenhower.sph.harvard.edu/humann) and
the UniRef90 diamond full reference database (version
201901b) [57]. Results from HUMAnNN from each sam-
ple were evaluated for differences among the biological
groups using the Kruskal-Wallis non-parametric test
with a post hoc Dunn test.

Fecal bile acid profile analysis

Bile acid (BA) internal standards, including tauro-
cholic-d5, cholic-d4, glycocholic-d4 (1 ng/each), and
10 ng of chenodeoxycholic-d4 (Medical Isotopes, Inc.,
Pelham, NH, USA), were added to human fecal sus-
pensions. Fecal suspensions were subsequently cen-
trifuged at 12,000 g for 10 min and the soluble (fecal
supernatants) and the insoluble (fecal pellets) fractions
were dried under vacuum. The fecal pellets were used
to calculate fecal dry weights for normalization. Pellets
and dried supernatants were re-suspended in 50 pl of
75% methanol, and a total of 10 pl of the resuspension
injected into the ultra-performance liquid chromatog-
raphy—tandem mass spectrometry (UPLC-MS/MS)
system for quantitative analysis.

The BAs were resolved on an ACQUITY UPLC HSS
T3 column (1.8 pM, 100 A pore diameter, 2.1x 150 mm
(Waters, Milford, MA, USA) with an ACQUITY UPLC
HSS T3 precolumn (1.8 uM, 100 A pore diameter,
2.1x5 mm) at 55 °C [58]. Solvents A (water) and B
(acetonitrile) contained 0.1% formic acid. The BAs were
eluted off the columns with an increasing gradient of sol-
vent B from 39 to 98% at a flow rate of 0.45 ml/min as
described earlier [59]. The BAs were analyzed using a tri-
ple quadrupole mass spectrometer (Xevo TQ-S, Waters)
with electrospray ionization operated in negative ion
mode. The MassLynx V4.1 software (Waters) was used
for instrument control, acquisition, and sample analysis.

Results
Study population
Seventeen individuals, including eleven individuals

infected with G. duodenalis (seven asymptomatic and
four symptomatic individuals) and six healthy controls,
were enrolled in this study. Infected individuals with
asymptomatic human giardiasis did not show any overt
clinical manifestations of human giardiasis, whereas
those subjects with symptomatic giardiasis predomi-
nantly manifested gastrointestinal symptoms, including
intermittent diarrhea, abdominal pain, and nausea, at the
time of the diagnosis.
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Table 2 Identification of G. duodenalis assemblages, sub-
assemblages, and subtypes based on analysis of tpi, bg, and gdh
loci

Isolate tpi bg gdh
ASYM_1 A (All/A2) A (All/A3) A (All/A2)
ASYM_2 A (All/A2) A (All/A2) A (All/A2)
ASYM_3 A (All/A2) A (All/A3) A (All/A2)
ASYM_4 B B B
ASYM_5 B B B
ASYM_6 A (All/A2) A (All/A3) A (All/A2)
ASYM_7 A (All/A2) A (All/A3) A (All/A2)
SYM_1 A (All/A2) A (All/A2) A (All/A2)
SYM_2 B B B

SYM_3 A (All/A2) A (All/A3) A (All/A2)
SYM_4 A (All/A2) A (All/A3) A (All/A2)

Table 3 Giardia duodenalis assemblage identification based on
analysis of tpi, bg, and gdh loci

Genes Assemblages n (%) Total

A B
tpi 8(72.7) 3(273) 11 (100.0)
bg 8(727) 3(27.3) 11 (100.0)
gdh 8(72.7) 3(27.3) 11 (100.0)

A:8/11 (72.7%; 95% Cl 43.4-90.3)
B:3/11 (27.3%; 95% Cl 9.7-56.6)

The multilocus molecular characterization of G.

duodenalis clinical isolates based on tpi, bg, and gdh loci:
predominance of assemblage A (All) of G. duodenalis

in asymptomatic and symptomatic human subjects

The genetic heterogeneity of G. duodenalis clinical iso-
lates from human subjects with asymptomatic and symp-
tomatic giardiasis was determined using a multilocus
analysis approach as described earlier [49-52]. The G.
duodenalis-specific tpi, bg, and gdh loci were ampli-
fied using specific primers as described earlier [21, 51—
55, 60—64]. None of these three loci were amplified in
uninfected individuals initially identified as negative for
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G. duodenalis infection by microscopy on wet-mount
preparations.

We found that a total of 8/11 (72.73%) human subjects
were infected with assemblage A (sub-assemblage AII) of
G. duodenalis, whereas 3/11 (27.27%) human subjects in
the current study were infected with assemblage B of the
parasite (Tables 2 and 3). Further analysis at the fpi and
gdh loci demonstrated that all eight AIl sub-assemblages
belonged to the A2 (AII-A2) subtype. Analysis of the bg
locus indicated that six clinical isolates belonged to the
A3 subtype of G. duodenalis (AIl-A3), whereas only
two isolates were identified as the A2 subtype (AII-A2)
(Table 2). Notably, all infected individuals harbored a sin-
gle assemblage/genotype of G. duodenalis irrespective of
their clinical profiles or whether they were symptomatic
or asymptomatic, and no mixed infections at inter- (e.g.,
AI+AIl, BII+BIV) or intra-assemblage levels (A+B)
were detected (Tables 3 and 4).

Sequence alignments of the tpi loci of the eight clini-
cal isolates belonging to assemblage A revealed two
substitution patterns (Table 5). Seven isolates exhibited
a 100% identity with AII reference sequences (U57897,
KJ888993). However, a single isolate, SYM_3, showed
an overlapping peak at nucleotide position 326 (G—R),
which was not present in the sub-assemblage-defining
positions, also known as the “hotspot sites” (Table 5).
Sequence alignment utilizing the tpi locus also iden-
tified three isolates as belonging to assemblage, with
three distinct nucleotide substitution patterns (Table 5).
As presented in Table 5, the nucleotide sequences of all
three isolates showed overlapping nucleotide peaks,
making it impossible to make a sub-assemblage assign-
ment. The presence of overlapping peaks could represent
mixed infections or heterozygosity within the tetraploid
genomes of Giardia. Assemblage B strains are reported
to have higher levels of heterozygosity consistent with
our observations.

Furthermore, the sequence analysis of the bg locus
indicated a unique nucleotide substitution pattern, with
one isolate exhibiting sequences homologous to subtype
A3 with a single overlapping nucleotide peak at the 201
position (C—Y) (Table 6). This nucleotide substitution
did not occur in the sub-assemblage-defining positions

Table 4 Multilocus characterization of G. duodenalis parasites belonging to assemblage A based on the concatenated sequence

alignments of the three sets of genes (tpi, bg, gdh)

MLG Genotype No. of isolates (isolate code) GenBank accession no.

tpi bg gdh tpi bg gdh
All-1 A2 A2 A2 2 (ASYM_2; SYM_1) U57897 AY072723 140510, AY178737
All-5 A2 A3 A2 4 (ASYM_1,3,7;SYM_4) Us7897 AY072724 140510, AY178737

MLG multilocus genotype
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Table 7 Multiple sequence alignments of the gdh locus from G. duodenalis isolates characterized in the current study in comparison

with reference sequences retrieved from GenBank

Isolates/GenBank accession no.

Nucleotide position from the start of the gene

Assemblage A 603 621

Al-A1 M84604 T C

Al-A1 KP687782

All-A2 140510 C T

All-A2 KJ741313 C T

All-A2 ASYM_1,2,3,6,7;SYM_1, 3,4 C T

Assemblage B 249 297 309 357 360 429 447 519 540 561 570 579 597 606 612 666
BIll AF069059 C C C T G T T C C C c Cc c C G T
Blll-like DQ090541 T T C C T T A -
BIV 40508 T C C T T A

BIV EU594666 T C C C T T A C
BIV-like AY826192 T C C C T

B ASYM_4 T Y C Y Y Y Y Y Y R C
B ASYM_5 - C Y C T Y R -
B SYM_2 - C A C C T Y Y MY A -

Accession numbers of the isolates used as sub-assemblage reference isolates are included in bold. Numbers in bold represent nucleotide substitutions from the start
of the gene, which differentiate between sub-assemblages introduced by Weilinga and Thompson (2007) position and breakdown of intra-genotypic substitutions.
Dots indicate nucleotide identity to the All (L40510) or Blll (AF069059) reference sequences

(i.e., "hotspot sites"), thereby further characterization at
the sub-assemblage level was not attainable (Table 6).
The multiple alignments based on the bg locus sequence
analysis indicated three isolates being identified as
assemblage B of G. duodenalis, each of which represented
a unique nucleotide sequences pattern (Table 6). The
nucleotide heterogeneity and subtype characterization of
three isolates, with represented overlapping nucleotide
peaks, are listed in Table 6.

Eight isolates exhibited a 100% sequence homology
with the A2 subtype (L40510) of G. duodenalis based on
the multiple alignments of sequences obtained from the
amplifications of the gdh locus (Table 7). Of those, 5 and
3 isolates were infecting individuals with asymptomatic
and symptomatic giardiasis, respectively. Moreover, three
isolates were identified as being assemblage B of G. duo-
denalis, with one and two isolates infected individuals
with asymptomatic and symptomatic giardiasis, respec-
tively (Table 7). Those isolates identified as being assem-
blage B of G. duodenalis represented three nucleotide
substitution patterns as shown in Table 7.

Further sequence alignments using six concatenated
sequences with unambiguous positions (i.e., no double
peaks) indicated six isolates belonged to the assemblage
A of G. duodenalis, representing two distinctive unique
multilocus genotypes (MLGs; Table 4). Of these, two iso-
lates were identified as being MLG All-1, profile A2/A2/
A2, whereas four isolates were demonstrated as being
MLG AII-5, profile A2/A3/A2. Both of these two MLGs
have been previously reported [17-19].

Giardia duodenalis clinical isolates are closely related
phylogenetically

Further phylogenetic analysis based on the tpi and gdh
loci indicated that those clinical isolates belonging to
assemblage A of G. duodenalis subjects clustered com-
pactly together in a monophyletic clade despite being
isolated from human subjects with asymptomatic and
symptomatic human giardiasis (Fig. 1A and B). The
construction of the phylogenetic tree based on the bg
locus demonstrated that most G. duodenalis isolates
from asymptomatic or symptomatic human subjects
with giardiasis clustered together in a single mono-
phyletic clade, whereas two isolates (one each from
an asymptomatic and a symptomatic individual) were
interspersed within two closely related adjacent clades
(Fig. 1C). Consistently, the congruency phylogenetic
analysis based on the three sets of concatenated genes
(tpi, bg, gdh) further demonstrated the closely related
genetic structures of G. duodenalis parasites irrespec-
tive of whether or not they were isolated from indi-
viduals with asymptomatic or symptomatic human
giardiasis (Fig. 1D). Collectively, these findings sug-
gested that G. duodenalis clinical isolates from both
asymptomatic and symptomatic human subjects were
genetically and evolutionary closely related and that
the parasite genetic heterogeneity and complexity
were unlikely the sole contributing factors defining
the clinical outcome disparity observed during human
giardiasis.
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Fig. 1 The phylogenetic relationships between G. duodenalis parasites from infected individuals with asymptomatic and symptomatic giardiasis.
Clinical isolates from infected individuals with asymptomatic (n=7) and symptomatic (n=4) giardiasis were analyzed at the tpi (A), bg (B),

and gdh (C) loci. The phylogenetic analysis based on the concatenated sequence alignments of the three sets of genes (tpi, bg, gdh) employed

in an MLST-based characterization of G. duodenalis parasites (D). Magenta diamonds represent the A2 subtype (All sub-assemblage) in 1A, and blue
and green circles define the A3 subtype (All sub-assemblage) and A2 subtype (All sub-assemblages) in 1B, and blue triangles denote the A2
subtype (All sub-assemblages) in 1C, respectively. Red circles represent All-5 MLG, whereas green squares All-2 MLG in 1D. In all phylogenetic

trees, the percentage of trees achieved from 1000 replicates in which the associated taxa clustered together is shown next to the branches;

only bootstrap values > 50% are demonstrated. The scale bar represents substitutions per nucleotide. Evolutionary analyses were conducted

in MEGA X

Bacterial communities differ at the species level

between G. duodenalis-infected individuals and healthy

controls

Initially, we examined the differences between infected
individuals and healthy controls in their microbiome
diversity. The relative abundance of the most prevalent
bacterial phyla was evaluated for diversity richness using
alpha and beta diversity measures. The alpha diversity is

focused on differences within groups, which was not sig-
nificantly different between healthy controls and infected
individuals in the current study (Fig. 2A). This indicates
that the bacterial communities within each group had
similar levels of diversity across samples. Furthermore,
the beta diversity indices were used to evaluate the dis-
tance between G. duodenalis-infected individuals and
healthy controls (Fig. 2B). While the distance did not
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Fig. 2 Microbial community diversity differences between healthy volunteers and infected patients with G. duodenalis. No significant differences
were observed in intra-group microbiota diversity or richness (A). There is little separation in terms of beta diversity (Bray—Curtis Index)

between healthy volunteers (n=6) and infected (n=11) individuals (B). From our permutational analysis of variance, a P-value of 0.04, suggests
that there is a separation between healthy volunteers and G. duodenalis-infected patients (C). Relative abundance of the most prevalent phyla

within groups also suggests shifts in the overall microbial composition (D)

reach our P-value cutoff for significance (P<0.05), it did
approach significance using the Bray—Curtis dissimi-
larity index (P=0.051) (Fig. 2C). The Bray—Curtis dis-
similarity index was used as a measure of dissimilarity
between groups and subject to a permutational multivar-
iate analysis of variance (PERMANOVA) test for signifi-
cance. However, the permutational analysis of variance
(P=0.04) revealed a separation between healthy and G.
duodenalis-infected patients (Fig. 2C).

While no significant differences were observed in
intra-group microbiota diversity or richness between
healthy controls and infected individuals, our analy-
sis indicated shifts in the overall microbial composition
between healthy controls and G. duodenalis-infected
individuals. Our further analyses indicated an increase
in the relative abundance of Actinobacteria and Proteo-
bacteria, whereas the relative abundance of Bacteroidetes
decreased following G. duodenalis infection as compared
with healthy controls (Fig. 2D).

Our analysis of bacterial species enriched in healthy
controls and G. duodenalis-infected individuals further
indicated an association between the presence of Ente-
rococcus faecium and the susceptibility to G. duodenalis

infection in humans (Fig. 4A). In contrast, the presence
of Prevotella mizrahii correlated inversely with suscepti-
bility to G. duodenalis, as evidenced by the findings that
this species was more abundant in healthy controls than
those individuals with giardiasis (Fig. 4A).

Shifts in microbiota communities at the species level
related to the occurrence of symptomatic giardiasis
Further evaluation of differences within our data was
also performed regarding three groups, including healthy
controls, asymptomatic giardiasis infected, and symp-
tomatic giardiasis infected. The microbiome diversity
within groups was assessed by alpha diversity (richness,
Simpson, and Shannon indices). We observed no sig-
nificant differences in alpha diversity between groups
(Fig. 3A). This indicates that within groups, the diver-
sity of microbial communities is not changed. Comple-
mentary to this is the diversity of observed microbiota
populations across groups which were evaluated by beta
diversity (Bray and Jaccard dissimilarity index). No signif-
icant separations in beta diversity were identified across
healthy control, asymptomatic, and symptomatic individ-
uals (Fig. 3B and C).
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Fig. 3 Microbial community diversity differences between healthy controls, asymptomatic, and symptomatic patients with giardiasis. Infected
individuals were also examined in terms of the occurrence of symptoms and classified as asymptomatic (n=7) and symptomatic (n=4), then
assessed for differences compared to healthy controls (n=6). The only significant changes in intragroup microbiome diversity or richness

were between asymptomatic and symptomatic patients (A). We also did

not observe a significant change in beta diversity (Bray—Curtis Index)

between our three groups (B). Permutational analysis of variance between groups reached a P-value of 0.12, which is above our threshold
for significance (P<0.05). C. The top phyla and their relative abundance within groups demonstrate some shifting proportions of the resident

microbial population (D)

Notably, we observed that the relative abundance of the
phylum Proteobacteria increased following G. duodenalis
infection as compared with healthy controls, with those
with symptomatic giardiasis having the highest rela-
tive abundance of Proteobacteria, followed by individu-
als with asymptomatic giardiasis (Fig. 3D). Conversely,
the relative abundance of Bacteroidetes declined with
the development of symptomatic giardiasis, with those
with symptomatic giardiasis having the lowest relative
abundance of Bacteroidetes, followed by those individu-
als with asymptomatic giardiasis (Fig. 3D). The relative
abundance of the other two phyla, Acinetobacter and
Firmicutes, was not substantially altered between the
groups, with Acinetobacter being more abundant in all
groups as compared with Firmicutes.

The pairwise comparisons between the groups revealed
unique fecal bacterial community signatures between the
groups (Fig. 4B—D). While P. mizrahii and Megasphaera
elsdenii were more abundant in healthy volunteers, E.
faecium was the most abundant bacterial species found
in individuals with asymptomatic giardiasis, followed by
Bifidobacterium dentium (Fig. 4B). When the bacterial

signatures between healthy volunteers and individuals
with the symptomatic disease were compared, we found
that Parolsenella catena, followed by Mitsuokella jala-
ludinii, were enriched in individuals with symptomatic
giardiasis (Fig. 4C). Notably, the bacterial community
compositions were distinct between infected individu-
als with asymptomatic giardiasis as compared with those
individuals with symptomatic disease (Fig. 4D).

While our diversity measures, both within and between
the healthy control, asymptomatic, and symptomatic
fecal samples, were not significantly shifted within our
study, we found that various bacteria demonstrated a sta-
tistically significant difference at the species level in our
group pairwise comparisons. Comparing healthy con-
trols and asymptomatic patient microbiota communities
identified 92 total bacterial species as different between
groups (Fig. 5A).

Similarly, when comparing samples from symptomatic
patients and healthy controls, 67 total bacterial spe-
cies were identified as meeting statistical significance
between groups.
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Fig. 4 The top differential bacterial species within pairwise comparisons of groups. Pairwise investigation identified differentially abundant

species between sample groups. The differential species in each dot plot were selected based on their log twofold change to include the ten most
increased and ten most decreased species within each pairwise comparison. The comparisons performed include healthy volunteers and infected
individuals (A), healthy volunteers and individuals with asymptomatic giardiasis (B), healthy volunteers and individuals with symptomatic giardiasis

(€), as well as asymptomatic vs symptomatic (D). All species included in their relevant dot plots are statistically significant based on an adjusted

P<0.05

An interesting note is that although we can examine
these samples as infected individuals and healthy con-
trols rather than stratifying by the appearance of symp-
toms, we do not see a great amount of overlap between
identified species. Only 31 shared bacterial species were
significantly changed in both comparisons of asympto-
matic and symptomatic groups to healthy controls. These
bacterial communities separated by the appearance of
symptoms, were also more evident when directly com-
paring asymptomatic and symptomatic samples, which
had 67 differentially abundant bacterial species (Fig. 5).

Examining the overlap of identified species between
pairwise group comparisons identified two which were
significantly changed in all three comparisons. The shared
bacterial species were Alistipes shahii and Gordonibacter

pamelaeae, which are both decreased from healthy con-
trol to asymptomatic or symptomatic groups (Fig. 5B).
These bacterial species could be of interest for their roles
during giardiasis infection and their associations with the
development of symptomatic disease.

Assemblage-specific changes in the gut microbiome

Insight into various assemblages of G. duodenalis and
their relationship to resident microbiota were also exam-
ined between samples infected with assemblages A2 and
B3 (Fig. 6). No significant differences were observed in
alpha or beta diversity between these different subtypes.
However, we observed a shift in phylum relative abun-
dance between A2 and B3, as B3 had increased relative
abundance in Actinobacteria and a decreased relative
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abundance of Bacteroidetes. However, this observation
requires further investigation as the current data are lim-
ited by the number of samples, including eight A2 iso-
lates and only three B3 isolates across both symptomatic
and asymptomatic patients.

Enriched pathways and functions represented by group
microbial abundance profiles

Sequencing files were also subject to pathway enrichment
analysis using HUMAnNN 3.0 and the UniRef90 diamond
full database (version 201901b). Overall, 95 pathways
were significant across groups (P<0.05). Many of these
pathways are linked to metabolic degradation, biosyn-
thesis, and recycling pathways. Pairwise comparisons
of pathway results using Dunn’s test provided further
insight into functional differences associated with giar-
diasis infection and symptomatic disease.

We found distinctive enriched metabolic pathway
signatures associated with infected individuals (i.e.,
asymptomatic and symptomatic) as compared with
healthy controls (Additional file 1: Tables S2-S5). As
shown in Additional file 1: Table S2, we found that the
2-oxobutanoate degradation I pathway (P<0.019) was
differentially enriched between infected individuals
(asymptomatic and symptomatic) as well as between
individuals with asymptomatic giardiasis (P<0.019) as
compared with healthy controls. However, the pathway
required for the biosynthesis of L-serine and glycine
(L-serine and glycine biosynthesis I) was the main meta-
bolic pathway enriched between individuals with sympto-
matic giardiasis and healthy controls (P<0.03), followed
by the 2-oxobutanoate degradation I pathway (P <0.034).
We also found that the C4 photosynthetic carbon assimi-
lation cycle both nicotinamide adenine dinucleotide
phosphate—malic enzyme (NADP-ME) type (P<0.017)
and phosphoenolpyruvate carboxykinase (PEPCK) type
(P<0.02) were significantly enriched between infected
individuals with asymptomatic and symptomatic giardia-
sis (Additional file 1: Table S2).

Fecal BA profiles are unaltered in individuals

with giardiasis

We investigated the BA profiles in individuals infected
with G. duodenalis in comparison with healthy controls
using UPLC-MS/MS. Our analysis demonstrated detect-
able levels of primary (e.g., cholic acid, chenodeoxycholic
acid) and secondary (e.g., deoxycholic acid, ursodeoxy-
cholic acid, taurodeoxycholic acid) BAs in the feces of
healthy volunteers (Additional file 2: Figure S1). Despite
substantially higher concentrations of almost all primary
and secondary BAs in the feces of G. duodenalis-infected
individuals with asymptomatic giardiasis, the differences
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in the BAs concentrations between the three groups were
not statistically significant.

Discussion

In this study, we identified differences in the microbi-
ome composition in human subjects with symptomatic
and asymptomatic G. duodenalis infection as compared
with healthy controls from the same population. We also
found that the parasite’s genetic diversity was not asso-
ciated with the clinical outcome of the infection. These
findings were further confirmed by the observations that
the majority of infected individuals were singly infected
with genetically and evolutionary closely related G. duo-
denalis parasites. Pathway analysis indicated the enrich-
ment of distinct metabolic pathways in the microbiome
profiles of individuals with asymptomatic and sympto-
matic human giardiasis as compared with healthy con-
trols, irrespective of the assemblages/genotypes of G.
duodenalis found in these individuals. Collectively, our
findings suggest the roles played by G. duodenalis assem-
blage- or genotype-independent parameters in determin-
ing the outcomes of clinical profiles in human giardiasis.

A long-lasting dilemma in the field of Giardia research
is the mechanisms by which G. duodenalis causes clini-
cal variability disease [2, 11, 12, 18]. Several hypotheses
have been proposed as to why the overwhelming major-
ity of human giardiasis cases are asymptomatic, whereas
only a small portion of infected individuals develop clini-
cal disease [11, 29-34]. Some studies have shown that a
given G. duodenalis assemblage/genotype is associated
with symptomatic disease, while others did not find such
an association [14, 18-20]. In recent years, however, an
increasing body of evidence has cast doubt on genetics
being the sole contributing factor determining the clini-
cal outcomes of human giardiasis [26, 61, 64].

Giardia duodenalis intimately interacts with the gut
microbiome and the parasite/microbiome crosstalk
determines host susceptibility to G. duodenalis infection,
thereby defining the infection outcome [35, 40]. Notably,
the microbiome undergoes alterations following infec-
tions with both assemblages A and B of G. duodenalis
[41, 42], and these changes were dependent on the host’s
genetic background [42]. These shifts in the gut microbi-
ome are observed throughout the entire intestinal tract of
infected hosts and the resulting dysbiosis can persist even
after the infection is resolved [43, 56, 65]. These obser-
vations suggest that the microbiome directly, through
competing for colonization, or indirectly, via bacterial-
derived metabolites, is capable of modulating host sus-
ceptibility and parasite virulence during giardiasis.
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Giardia parasites employ a wide range of mechanisms
by which they can subvert host immune responses in
order to evade being effectively recognized following
colonization in the small intestine [66—68]. The mucosal
surface of the small intestine in human subjects infected
with G. duodenalis lacks any overt signs of inflammation,
even during the acute phase of infection [69]. This lack
of pro-inflammatory immune responses could be further
explained by the ability of Giardia parasites to modulate
protective pro-inflammatory immune responses via com-
peting for metabolites required for immune cell metabo-
lism in the small intestine microenvironment [70]. For
instance, the depletion of the amino acid arginine by
Giardia parasites as a source of energy hinders the pro-
duction of nitric oxide (NO) by intestinal epithelial cells
(IECs), thereby impeding the proliferation of the IECs
as well as compromising the ability of parasitized IECs
to directly kill Giardia trophozoites [70, 71]. Despite the
accumulation of macrophages and dendritic cells (DCs)
in the lamina propria (LP) of the small intestine [72], G.
duodenalis impairs the production of pro-inflammatory
cytokines by macrophages (e.g., IL-8) and DCs in the LP
of the small intestine following colonization [73, 74].

Our analyses demonstrated distinct microbial meta-
bolic pathways between individuals infected with G. duo-
denalis (i.e., asymptomatic, symptomatic) as compared
with healthy controls. It is well-established that multiple
metabolites derived from bacterial metabolism, including
secondary BAs, and short-chain fatty acids, have drastic
immunomodulatory effects on the host and have been
implicated in the pathogenesis of infectious and non-
infectious diseases [75, 76].

We found that the 2-oxobutanoate degradation I path-
way was differentially enriched between infected individ-
uals (asymptomatic and symptomatic) as compared with
healthy controls (Additional file 1: Table S2). The 2-oxob-
utanoate degradation I pathway is an intermediate path-
way in the catabolism of multiple amino acids, including
methionine and threonine [77, 78]. Methionine catalysis
by the enzymes S-adenosylmethionine (SAM) synthetase
or methionine adenosyltransferase (MAT) mainly occurs
in the cytosol, leading to the generation of SAM [79, 80].
It is well-known that SAM is a pleiotropic molecule and
functions as the main methyl group donor in methyla-
tion and regulates a wide range of biological processes,
including transmethylation, trans-sulfuration, and poly-
amine synthesis [81].

Recent studies have demonstrated that SAM plays
important roles in regulating immune homeostasis and
T cell-dependent adaptive immunity by modulating the
one-carbon metabolism in T cells [82]. SAM is a potent
inhibitor of autophagy and promotes growth through
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the protein phosphatase 2A (PP2A) methylation, indi-
cating the critical requirement of methionine and SAM
levels in the regulation of autophagy [83, 84]. Based on
these findings, it is likely that the methionine depriva-
tion following Giardia infection limits SAM availability
in the intestine leading to the promotion of autophagy
and the lack of intestinal inflammation observed follow-
ing Giardia infection. Furthermore, it is yet to be inves-
tigated whether Giardia infection hijacks the methionine
metabolism and disrupts histone methylation in T cells,
leading to T cell dysfunction during giardiasis, and
whether the dietary supplementation of methionine or
SAM alone or in combination will restore T cell dysfunc-
tion during giardiasis in humans or in murine models of
human giardiasis.

Study limitations

A few limitations, including limited sample size,
restricted the interpretations of the findings of the cur-
rent study. Moreover, this study was cross-sectional in
design and, thereby did not reflect the dynamic nature of
microbial changes over time during the course of G. duo-
denalis infection in humans. Future cohort studies with
a larger sample size should clarify the roles played by the
microbiome in varied clinical outcomes observed during
human giardiasis.

Conclusions

Our observations indicated the existence of distinct
fecal microbial compositions as well as gut microbiome-
derived bioactive metabolites between infected indi-
viduals with asymptomatic and symptomatic giardiasis
in comparison with healthy controls. We also conclude
that pathogen genetic heterogeneity is not likely the only
contributing factor in determining the clinical outcomes
of human giardiasis. Targeting the immunomodulatory
microbiome-derived metabolites or their cognate bind-
ing receptors in the mammalian host’s intestinal tract
may represent novel preventive or therapeutic targets for
gut lumen-dwelling microbial pathogens.
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