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ABSTRACT Giardia duodenalis (syn. Giardia lamblia, Giardia intestinalis) is the causa-
tive agent of giardiasis, one of the most common diarrheal infections in humans.
Evolutionary relationships among G. duodenalis genotypes (or subtypes) of assem-
blage B, one of two genetic assemblages causing the majority of human infections,
remain unclear due to poor phylogenetic resolution of current typing methods. In
this study, we devised a methodology to identify new markers for a streamlined multi-
locus sequence typing (MLST) scheme based on comparisons of all core genes against
the phylogeny of whole-genome sequences (WGS). Our analysis identified three
markers with resolution comparable to that of WGS data. Using newly designed PCR
primers for our novel MLST loci, we typed an additional 68 strains of assemblage B.
Analyses of these strains and previously determined genome sequences showed that
genomes of this assemblage can be assigned to 16 clonal complexes, each with unique
gene content that is apparently tuned to differential virulence and ecology. Obtaining
new genomes of Giardia spp. and other eukaryotic microbial pathogens remains chal-
lenging due to difficulties in culturing the parasites in the laboratory. Hence, the meth-
ods described here are expected to be widely applicable to other pathogens of interest
and advance our understanding of their ecology and evolution.

IMPORTANCE Giardia duodenalis assemblage B is a major waterborne pathogen and
the most commonly identified genotype causing human giardiasis worldwide. The
lack of morphological characters for classification requires the use of molecular tech-
niques for strain differentiation; however, the absence of scalable and affordable
next-generation sequencing (NGS)-based typing methods has prevented meaningful
advancements in high-resolution molecular typing for further understanding of the
evolution and epidemiology of assemblage B. Prior studies have reported high
sequence diversity but low phylogenetic resolution at standard loci in assemblage B,
highlighting the necessity of identifying new markers for accurate and robust molec-
ular typing. Data from comparative analyses of available genomes in this study iden-
tified three loci that together form a novel high-resolution typing scheme with high
concordance to whole-genome-based phylogenomics and which should aid in future
public health endeavors related to this parasite. In addition, data from newly charac-
terized strains suggest evidence of biogeographic and ecologic endemism.

KEYWORDS Giardia duodenalis, bioinformatics, molecular sequence typing, parasites,
waterborne disease

Over the past decade, molecular techniques have brought new insights into the global
diversity of microbial eukaryotic pathogens such as Giardia and Cryptosporidium pro-

tozoa. These molecular surveys have been traditionally limited to the sequence or
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restriction fragment polymorphism analysis of short fragments of a few (n=2 to 6) marker
genes (1–6). While this approach has served public health risk assessment effectively, it has
also become clear that the low resolving power of these markers at the subspecies level
hinders determining the epidemiologic importance of different genotypes (7–10). Typing
eukaryotic pathogens using genomic approaches has not advanced as much as for several
of their bacterial counterparts, such as Escherichia coli and Bacillus anthracis (11–13). In
addition to the traditional reliance on low-resolution markers mentioned above, wide-
spread adoption of whole-genome sequencing (WGS) for pathogens like Giardia and
Cryptosporidium is hindered by difficulties with in vitro culturing and/or generating suffi-
cient quantities of DNA for sequencing from clinical and environmental samples (14).
Accordingly, there is high need for the development of new, culture-independent
methods to accurately capture and describe diversity for epidemiologic and epizootic
investigations. Here, we provide a scalable, systematic approach to molecular typing
of microbial eukaryotes using Giardia as the case study, which is applicable to any or-
ganism of interest, particularly those for which obtaining isolates or whole-genome
sequencing is challenging.

Giardia duodenalis is a species complex of globally ubiquitous protozoan parasites
and the causative agent(s) of giardiasis, a diarrheal disease in humans, domestic ani-
mals, and wildlife (15). Giardiasis is a major global public health concern, responsible
for an estimated 280 million infections per year and recognized by the WHO as a
neglected disease since 2004 (16, 17). Infection is acquired via direct or indirect contact
with infected individuals or by consuming water or food contaminated with cysts,
which release motile trophozoites that attach to the surface of the gut epithelium,
causing acute watery diarrhea. Trophozoites encyst in the gastrointestinal tract before
being excreted into the environment in the host’s feces, completing the parasite’s life
cycle. The cysts are resilient and can persist in the environment for up to 7weeks under
suitable conditions (18).

Eight genotypic groups (referred to as assemblages A through H) are recognized
within G. duodenalis, and it has been proposed that these should be elevated to spe-
cies rank based on molecular and ecological evidence (19, 20). Assemblages A and B
have broad host ranges and are considered zoonotic infections in humans (21–23).
Assemblage B is responsible for approximately 58% of the human infections worldwide
each year (21). Each assemblage can be further divided into subtypes, which have
variable host ranges and infectivity to humans. However, lack of morphological char-
acters or diagnostic techniques capable of discriminating between subtypes limits
our understanding of the epidemiology and public health significance of clinically
relevant variants.

In this study, we have used 37 available whole-genome sequences of Giardia duode-
nalis assemblage B to develop a genome-driven approach to identify the best three
markers that precisely delineate the genomic diversity of the species. Using validated
PCR assays for each of these three markers, we subsequently doubled the number of
typed Giardia genomes available. Phylogenetic analysis of these genomes revealed
several stable, discrete evolutionary entities, or clonal complexes as defined for prokar-
yotes (24) and roughly equivalent to near-clades as defined in protozoan literature
(25), as opposed to a genetic continuum. These results suggest a signal of ecological
and/or geographic differentiation that likely reflects important epidemiologic differen-
ces among the clonal complexes and (differential) ongoing speciation.

RESULTS
Whole-genome relatedness of Giardia genomes using ML and ANI. To build a ro-

bust phylogeny of the available 37 genomes in NCBI’s database, we employed maxi-
mum likelihood (ML) analysis of a concatenated superalignment of all 4,514 identified
core genes shared by all genomes (approximately 8.55 Mbp), corresponding to 93.45%
of the coding genes in each genome. Since these genomes are very closely related to
one another and members of other assemblages, we expected a limited number of
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variable sites due to insufficient time to accumulate mutations, and we also expected
that functional constraints and/or selection on the coding sequence of a gene may
result in multiple independent substitutions at some sites. Thus, the ML distances cal-
culated using the best-fitting model represent a powerful estimate of the evolutionary
distances across the genomes that is robust with respect to very short evolutionary dis-
tances. ML is computationally expensive and not well suited to scaling up to very large
data sets; therefore, we also investigated the utility of genome-aggregate average nu-
cleotide identity (ANI) as an alternative method for estimating genetic relatedness.
Briefly, ANI represents the average nucleotide identity of all genes shared between any
two genomes. The distance matrix generated by ML analysis showed strong linear cor-
relation to the corresponding distance matrix computed using FastANI (Pearson r2 =
0.961 [Fig. 1a to d]), which is consistent with previous results from bacterial genomes
for such short evolutionary scales (26). Therefore, we employed the ANI distances for
our purposes of identifying which genes provide the same genetic relationships
among the genomes as those revealed by whole-genome ML or ANI analysis, since
these are easier to conceptualize than ML distances, unless otherwise mentioned.

All genomes compared were very closely related to one another, showing pairwise
ANI values in the range of 98.63% to 99.96%. Note that the closest relative which has a
genome available (G. duodenalis assemblage E) shares approximately 77% ANI with
these assemblage B genomes (27); thus, this genome is divergent and would represent
a novel species even based on the prokaryotic standards (28). The ML phylogeny
revealed 16 distinct clades, which appear to be predominantly clonal (i.e., the maxi-
mum ANI distance between any two genomes in a clade was ,0.1%). The ANI phylog-
eny recovered the same clades; however, their relationship to one another differed
slightly between the two topologies, which is presumably due to unstable topologies
in the ANI and/or ML tree and the short evolutionary distances among the genomes.
PAM (partitioning around k-medoids) clustering confirmed that the number of group-
ings we observed manually, 16, was the optimal number of genome clusters (Fig. 1e)
(29, 30). Collectively, these results reveal that the 16 clades represent biologically rele-
vant groups found in nature. The high degree of clonality within each group indicated
that intergroup genetic recombination is restricted or rare; thus, we here refer to these
groups as clonal complexes, which can best be described as “stable phylogenetic clus-
tering clouded by occasional recombination” to discuss similar patterns in prokaryotes
and parasitic protozoan taxa (24, 25).

Defining clonal complex boundaries between genomes using MCE. To assess
how discrete the 16 recovered clonal complexes were, we attempted to define dis-
tance thresholds that delineated them. This was accomplished by transforming the
ANI distance matrix into a graph using maximal clique enumeration (MCE), a graph-
based clustering technique. Briefly, each genome is represented by a vertex in the
graph and there exists an edge (a linkage) between a pair of genomes if they share a
pairwise distance less than a given threshold value. This method of clustering is agnos-
tic of existing classifications and thus allowed us to explore genomic relatedness with-
out bias, which was critical to our aim to advance current understanding of subtype
(=clonal complex) diversity and the epidemiologic differences among the complexes.

MCE was initially applied with a starting threshold of 98.6% ANI, the maximum dis-
tance between any pair of genomes, and produced a single clique containing all 37
genomes. Sequentially, the threshold was increased by 0.1% identity units for consider-
ing a pair of genomes linked. At 99.9% identity, we observed cliques (clusters) identi-
cally matching the 16 clonal complexes observed on the phylogeny and PAM, recover-
ing 1 clique containing 9 genomes, 1 clique containing 4 genomes, 4 cliques of 3
genomes each, 2 cliques which both contain a pair of genomes, and 8 groups repre-
sented by a single genome (Fig. 1f). In the context of evolutionary distance, this thresh-
old corresponded to up to approximately 12,000 single-nucleotide polymorphism
(SNP) differences between genomes classified in the same clique, confirming our prior
observation that the genomes within a given complex are highly clonal. Using the
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FIG 1 Comparisons of genomic relatedness between 37 G. duodenalis assemblage B genomes. (a) Maximum likelihood phylogeny (GTR1I1G
model) of the core gene set shared among 37 whole-genome sequences utilized in this study, covering approximately 8.55 Mbp. (b) Whole-genome

(Continued on next page)
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99.9% identity threshold, we consistently observed only discrete cliques, which indi-
cated that distinct boundaries are present between clonal complexes rather than a
genetic continuum, despite overlapping hosts and/or sampling localities in some
cases. We further explored this (see below) by typing and including twice as many
genomes from different studies in the analysis.

Gene content analyses reveal further evidence in support of discrete clonal
complexes versus a genetic continuum. Our results described above for the con-
served core genome suggested that assemblage B is composed of distinct clusters of
genomes at the nucleotide sequence level and occasionally occurring in the same
hosts or locations. We additionally investigated the variable assemblage B pangenome
to gain a better understanding of the gene content differences—if any—between clo-
nal complexes. Only a small percentage of the reference genes (approximately 6.5%)
were absent from any of the 37 available genomes. In order to obtain a broader insight
into the pangenome gene pool and recover genes specific to or enriched in the clonal
complexes, we trained a hidden Markov model (HMM) for de novo gene prediction
with the Augustus software package using transcriptome sequencing (RNA-Seq) data
from G. duodenalis assemblage A (a related cryptic species in the G. duodenalis com-
plex), which shares approximately 77% ANI with G. duodenalis assemblage B (31), and
protein data from NCBI reference genes for assemblage B. From the results of the
Augustus model, we generated a pangenome consisting of 7,612 genes. A presence-
absence matrix of these genes was subsequently computed, and the genes were fur-
ther classified into core (present in all genomes), unique (only a single genome), and
variable (at least two or more genomes but not all) categories (Fig. 2a).

We investigated gene content diversity among genomes and visualized this by con-
structing a neighbor-joining tree with 1,000 bootstraps of pairwise distances calculated
using the presence-absence matrix and mapping associated clonal complex designa-
tion, sampling location, and host metadata to the leaves of the tree (Fig. 2b). The 34
genomes sampled from British Columbia form a single clade with very high bootstrap
support, with all three reference genomes (GS and GSMH7 from Alaska and BAH15c1
from Australia) external to this clade. Within this clade, several subclades were recov-
ered with strong bootstrap support, some of which are congruent with previously
delineated clonal complexes based on sequence analysis.

We evaluated the strength of association using the Kendall tau rank correlation
between clade assignment (i.e., p-distance) based on this gene content tree with (i)
genomic sequence relatedness, measured by pairwise ANI, and (ii) geographic segrega-
tion, measured by computing Euclidean distance (in kilometers) between sampling
sites provided for each of the genomes. Based on the topology of the tree, we ana-
lyzed (i) all pairs of 37 genomes, (ii) 36 genomes originating from North America
(excluding BAH15c1 from Australia), and (iii) 34 genomes arising from the British
Columbian polytomy, additionally excluding GS and GSMH7. In all comparisons, we
observed moderate correlation, with tau values ranging between 0.25 and 0.49 (P val-
ues , 0.0001 for all comparisons) and the tau coefficients decreasing as the size of the
data set (geographic breadth) compared decreased. Consistently, we found the corre-
lation to be strongest between ANI and p-distance (tau = 0.47 to 0.49) and, likewise,
weakest between geographic distance and p-distance (tau = 0.25 to 0.41; illustrated in
File S1 in the supplemental material). This trend illustrated that diversity in gene con-

FIG 1 Legend (Continued)
ANI tree constructed using the neighbor-joining method based on the ANI distance matrix. In both trees, the 16 distinct lineages are readily discernible
which correspond to the clonal complexes. No outgroup was included in this panel or in panel a since our focus was on differences at the intra-
assemblage (subtype) level and the closest relative which has a genome available shares approximately 77% ANI with assemblage B (G. duodenalis
assemblage E [27]), which is too divergent. Branch support for all branches in the ML phylogeny was 100% from 100 bootstrap replicates (values not
shown for simplicity). (c) Scatterplot of pairwise maximum likelihood distances plotted against ANI distances. Each point represents a pair of genomes.
(d) Heat map of ANI distances between pairs of genomes. The 16 clonal complexes can be distinguished along the diagonal of the heat map. (e)
Comparison of results from PAM (partitioning around k-medoids) clustering to confirm the optimal division of genomes into clusters. The average
silhouette width (y axis) for each iteration k of PAM (x axis) is plotted, with the maximum value (k=16) representing the optimal clustering of genomes.
(f) Graph network showing cliques (strongly connected, complete subgraphs) of genomes. Each genome is represented by a colored circle. Edges
connecting two genomes indicate a pairwise ANI of $99.9%.

Hidden Diversity in Giardia duodenalis Assemblage B Applied and Environmental Microbiology

March 2021 Volume 87 Issue 6 e02275-20 aem.asm.org 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

17
 Ju

ly
 2

02
1 

by
 2

a0
2:

58
7:

d4
49

:5
60

0:
98

05
:7

ec
d:

78
fc

:2
ed

f.

https://aem.asm.org


FIG 2 Evaluation of the pangenome of assemblage B. (a) Pie chart of genes classified into one of
three categories: (i) core genes present in all genomes, (ii) accessory genes, missing from at least one

(Continued on next page)
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tent is more closely tied to genomic relatedness than to geography, which presumably
indicates that genomes within each clonal complex share unique gene pools inherited
through vertical descent as opposed—for instance—to horizontal gene transfer. Some
phylogenetic signal is nonetheless exhibited in these data by geography, as evidenced
by good correlation between ANI and geographic distance (tau = 0.35 to 0.44), sug-
gesting that the genetic discontinuities between the clonal complexes probably result
from a combination of geographic and genetic isolation.

We additionally examined whether genes unique to a clonal complex exhibit any
functional trends by assigning them to KOG (euKaryotic Orthologous Groups, a
eukaryote-specific version of Clusters of Orthologous Genes [COGs]) functional cate-
gories using protein homology searches against the eggNOG database (32). We iden-
tified a total of 328 genes which were unique to one of the 16 clonal complexes.
Approximately 40% of these are functionally associated with the cell membrane, sig-
naling, or the cytoskeleton (KOG classes S, T, and Z), with an additional 31% having
no orthologous match in the eggNOG database and thus classified as hypothetical
proteins (Fig. S1). We noted that in 11 of the 16 clonal complexes, at least one unique
gene was annotated as a variable surface protein (VSP). Giardia VSPs have been
shown to be diverse and comprise and estimated 4% of the G. duodenalis assemblage
A genome (33). Further, it has been postulated that the diversity of VSPs in Giardia
may be a factor in pathogenicity differences and ecological niches amenable to dif-
ferent subtypes of the parasite (33, 34).

Evaluating phylogenetic concordance of individual core genes relative to WGS.
A total of 4,514 core genes identified in all 37 genomes were assigned a rank based on
the similarity of the gene-based phylogenetic signal relative to that of the whole-
genome-based patterns. We evaluated each individual gene in two ways: (i) by com-
paring gene-based distance matrices with the WGS-based ANI distance matrix using
the Kendall tau rank correlation and (ii) tree-based comparisons using a Shimodaira-
Hasegawa test (SH test), including branch lengths, in PAUP* (35). The data show that
nearly all genes compared individually against WGS-based patterns exhibited a strong
phylogenetic signal, with only 5 genes out of 4,387 showing nonsignificant (P. 0.05)
tau rank correlations, which was also consistent with the lack of rampant recombina-
tion within assemblage B. Tau correlations could not be calculated for 12 genes due to
undefined values in the gene-based distance matrix, which were caused by the ab-
sence of informative sites in the alignment. The distribution of tau correlations in
assemblage B is approximately symmetrical, with a mean of 0.3534 and a standard
deviation of 0.1113 (Fig. 3b). Weak but significant correlation (r2 = 0.117; P, 0.001)
existed between the length of the gene and the tau coefficient. There was also good
correlation between Kendall tau coefficient with high consistency and retention indices
(data not shown). However, a large percentage (86.78% [3,807 genes]) of gene ML trees
significantly differed from the whole-genome ANI tree (i.e., P, 0.05), consistent with
the fact that the SH test is sensitive to even small topological tree differences. Data for
the top-ranking 30 genes with respect to their Kendall tau correlation plus selected
genes which are currently in common use for molecular typing of G. duodenalis
assemblages are shown in Table S2 (data for all genes are available from the authors
on request).

We additionally examined whether genes with high Kendall tau correlations to ANI
show any functional biases. For genes other than hypothetical (51% of the total), those
associated with the cell membrane, cytoskeleton, signaling, and metabolism most of-

FIG 2 Legend (Continued)
genome, and (iii) unique genes, found in only one genome. (b) Neighbor-joining tree of pairwise
distances calculated from the presence-absence matrix in panel a. The tree shows relationships
between genomes based on shared gene content. Colored bars to the right of the tree highlight
shared metadata (assignment to 1 of the 16 clonal complexes, sampling location, and host) between
genomes.
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ten show high Kendall tau correlations with species-level (i.e., WGS) evolutionary pat-
terns. We investigated for biases in the spatial distribution of these genes across the
genome using (i) a runs test for randomness, (ii) a Lomb-Scargle periodogram with
1,000 randomized replicates to test for periodicity in the data, and (iii) a spatial correlo-
gram using Moran’s I coefficient and equally sized distance classes of 50 genes.
Plotting the tau rank correlations relative to their position in the genome revealed an
interesting wave-like pattern throughout the genome, indicating that genes with high
Kendall tau correlations to WGS data tend to be located near one another in clusters

FIG 3 Spatial bias across the genome of individual genes that are robust phylogenetic markers. (a) Scatterplot matrix of Kendall tau values of the distance
matrix for each gene against the corresponding ANI distances (represented by a point in the plot) plotted according to gene’s approximate location in the
most complete reference genome available (G. duodenalis assemblage A). Points (genes) are color-coded according to the chromosome (CHR) on which
they are located. The black spline follows the local average Kendall tau value. (b) Distribution of Kendall tau values for all genes evaluated. (c) Correlogram
of spatial autocorrelation between approximately equally sized distance classes of consecutive genes (approximately 50 genes each) based on their
ordered location in the genome. Red points indicate a significant P value for a distance class.
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instead of being randomly distributed (Fig. 3a). The runs test for randomness
around the mean Kendall tau value detected 1,335 runs and returned a P value
of ,0.0001, strongly corroborating the visually observed nonrandom dispersion
pattern. Our Lomb-Scargle analysis of periodicity detected multiple significant
periods within the data, with the most significant period occurring at 523 genes
(P, 0.0001), approximately the same number of genes mapped to chromosome 1,
indicating periodicity at the chromosomal level (see spline in Fig. 3a). Additional
significant periods were detected at approximately 75, 200, 250, and 350 genes
located on the same chromosome. Finally, we investigated the signal of autocorre-
lation between adjacent genes, which found significant autocorrelation coefficients
as a series of peaks and valleys along increasing distance classes. The first distance
class of 50 consecutive genes was the most significant; thus, the Kendall tau values
(i.e., the genes) are not independent of one another within this distance class. The
signal of significant autocorrelation (nonindependence) persisted through the first
five distance classes, approximately 250 consecutive genes, which is concordant
with the periodicity results (Fig. 3c).

A novel MLST scheme for genomotyping using the three best-performing
genes. Current Giardia multilocus sequence typing (MLST) studies most commonly uti-
lize approximately 500-bp-long amplicons from three genes, namely, the triose-phos-
phate isomerase (tpi), glutamate dehydrogenase (gdh), and beta-giardin (bg) genes. To
test the robustness of these three genes against the whole-genome phylogeny
reported here, the sequence of each of these genes in the 37 genome sequences ana-
lyzed were aligned and concatenated, providing a composite multilocus genotype
(MLG) distance matrix. Phylogenetic analysis conducted using the concatenated align-
ment of these genes failed to robustly recover consistent subgroupings of assemblage
B isolates, which was somewhat expected since these loci were originally chosen based
on being informative for differentiating between assemblages and the availability of
only a few sequences from which the original PCR assays were designed (36, 37). We
next compared the results to those of the three best-performing genes based on our
evaluation described above. Our selection of the gene markers was primarily informed
by the Kendall tau correlations (above), with the presence of suitable sites for design-
ing PCR primers and tree-based criteria (consistency and retention indices [CI and RI,
respectively]) used as additional criteria. The three best performing from the overall
top 30 genes in terms of Kendal tau coefficients were genes annotated as (i) 6-phos-
phogluconate dehydrogenase (NCBI:protein accession number KWX12433), (ii) a hypo-
thetical protein (NCBI:protein accession number KWX13158), and (iii) phosphorylase B
gamma catalytic chain kinase (NCBI:protein accession number KWX15086) (Table 1).
Nested PCR primers were designed for amplicons of 1,028, 1,356, and 1,017 bp, respec-
tively, for these genes. Neighbor-joining analysis using concatenated alignments of in
silico PCR amplicons, a distance matrix of pairwise percent identities, and 1,000 boot-
strap replicates resulted in a phylogeny which captures 13 well-supported groups, 12
of which are identifiable as clonal complexes on the whole-genome ML and ANI trees.

TABLE 1 Comparison of genes which have been used in subtyping MLST studies for Giardia duodenalis assemblage B and three of the best-
performing genes identified in our study

Locus Gene Reference Annotation KOG
Kendall t
coefficient

SH test
P value CI RI

No. of
sites

Total no.
of sites

KWX12433 6-pgd This study 6-Phosphogluconate
dehydrogenase

0.636 0.003 0.978 0.993 31 2,100

KWX13158 This study Hypothetical protein 0.612 0.048 0.864 0.954 27 1,980
KWX15086 phkg2 This study Phosphorylase B kinase

gamma catalytic chain
0.610 ,0.001 0.876 0.95 171 4,326

KWX12106 tpi Sulaiman et al., 2003 (66) Triose-phosphate isomerase G 0.441 0.057 1.000 1.000 8 774
KWX15047 gdh Read et al., 2004 (67) Glutamate dehydrogenase E 0.322 0.017 0.75 0.945 8 1,350
KWX12629 bg Cacciò et al., 2008 (1) Beta-giardin Z 0.188 0.004 0.848 0.835 10 850
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The 13th group was comprised of all genomes from the remaining four (whole-ge-
nome) clonal complexes collapsed into one group (Fig. 4).

We next compared this phylogeny with the one constructed from the concatenated
alignments of tpi, gdh, and bg sequences extracted from the genomes and to the
whole-genome phylogeny. The results showed that the phylogeny built from our three
selected markers is more congruent with the whole-genome phylogeny in terms of

FIG 4 Comparison of traditional three-gene MLST scheme with the newly identified best-performing genes identified by this study. (a) The whole-genome
ANI tree constructed from the concatenated superalignment of all 4,514 core genes (see Fig. 1a for the equivalent ML phylogeny). (b) ML phylogeny of the
currently used MLST scheme for Giardia, constructed using full-length sequences of the tpi, gdh, and bg genes. (c) ML tree of novel MLST scheme
described in our study, estimated from concatenated partial sequences of 6-pdg, an unnamed gene annotated as a hypothetical protein, and phkg2 (NCBI:
protein accession numbers KWX12433, KWX13158, and KWX15086, respectively). (d to f) Graph networks constructed using pairwise nucleotide identities
between sequences in the same alignments used to generate panels a, b, and c, respectively. Edges connecting two vertices indicate a shared nucleotide
identity of 99.9% or greater. Vertices (genomes) are colored according to the whole-genome-based clonal complex assigned in our analysis.
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bootstrap support (only one node had,50% support), while the traditional MLST
gene phylogeny showed little congruency with the whole-genome phylogeny (Fig.
4b). Comparison of MCE outputs from the same three data sets revealed that the tradi-
tional MLST only recovered five of the same clusters as the whole-genome data. Not
counting singletons, only one clonal complex was recovered that is represented by a
unique tpi-gdh-bg multilocus genotype (Fig. 4e, in pink). We observed no meaningful
change in MLST resolution by increasing the minimum identity threshold or by com-
puting maximal cliques from complete gene sequences (as opposed to in silico PCR
amplicons). Further, the inclusion of additional high-ranking genes also did not yield
any difference in clique computation until a total of 10 genes were included in the
data set, and the improvement in resolution from adding a few more genes into the
analysis was negligible. A concatenated alignment of all 30 top-ranking genes (the set
from which we chose our markers) still was unable to perfectly match the resolution of
the whole-genome data set (Fig. S2); therefore, based on this, we chose to limit our
novel MLST to three loci, the same number as the existing MLST method, which has
practical advantages.

Expanding the known genomic diversity based on the three best-performing
genes. In order to expand the diversity of typed genomes and test the robustness of
the 16 clonal complexes recovered among the 37 genomes, we employed the MLST
genomotyping method based on the three best-performing targets mentioned above
to type additional genomes available in CDC’s collection. Using DNA from 68 assem-
blage B specimens gathered from CDC holdings and representing 6 continents, for a
final total of 105 genomes represented, we sequenced amplicons from each of the
three novel loci and constructed a neighbor-joining phylogeny as described above to
identify a total of 55 distinct clusters (Fig. S3). We observed that specimens do segre-
gate based on their geographic origins, with the exception of (i) Australian samples
typed in this study (n=3), which show a close relationship to European samples, and
(ii) Algerian specimens, which split into two groups, one related to European samples
and the other related to South American samples. Notably, we observed that the clus-
ter assignment of the 37 whole genomes remained unchanged, indicating that the dis-
crete threshold boundaries that we identified in the previous sections are robust to the
inclusion of additional genomes, some of which were assigned to the existing clusters.

DISCUSSION

Giardia duodenalis assemblage B is a diplomonad parasite which causes giardiasis, a
common gastrointestinal illness, in humans and animals worldwide. The high diversity
and euryxenous range of this organism are already widely known, and these factors
have confounded previous efforts to use molecular subtyping to aid in public health
investigations and response. In order to advance our ability to link related isolates and
the potential to further differentiate clinically relevant variants with different pathoge-
nicities, we conducted phylogenomic and comparative gene content analyses to
describe the relationships between 37 previously determined genomes as well as 68
newly typed genomes based on the best three gene markers identified by our analy-
ses. We demonstrate here that assemblage B is composed of several genetically dis-
tinct, and stable to the addition of new genomes, lineages or clonal complexes.
Further, several of these lineages are highly populated by genomes endemic to geo-
graphically narrow locations and are characterized by unique (nonhypothetical) gene
content tuned to sensing the environment, signaling, and membrane proteins. These
findings are also consistent with previously published hypotheses that differential
gene content between Giardia subtypes may reflect important epidemiologic differen-
ces between them and/or adaptation to local environmental conditions (33, 34). Based
on their distinct sequence and gene content diversity, it thus appears that these line-
ages may not represent functionally and ecologically neutral diversity and they are on
their way to speciation. This hypothesis is generally consistent with the predominantly
clonal evolution (PCE) model proposed by Tibayrenc and coauthors to describe pat-
terns of relatedness among genomes of Trypanosoma cruzi, another parasitic
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protozoan (38, 39). Briefly, this model describes clonal evolution as limited or absent
genetic recombination among populations of these parasitic protozoa, owing to the
fact that it is uncommon for different T. cruzi strains to come into contact with one
another during the reproductive stage of their life cycles, thus making genetic
exchange between them rare (i.e., most sexual reproduction occurs among individuals
of the same population or strain; any recombination is too infrequent to break the pat-
tern of clonality).

A diverse variety of terms have been used to describe phylogenetic groupings such
as those observed in our study, such as “stable, widespread [lineages], occurring in
sympatry, including in the same host” or “stable phylogenetic clustering clouded by
occasional recombination” (summarized in Table 1 in references 30 and 40). Further,
these terms are often limited in scope/usage to specific organisms or taxa. We propose
to use the term clonal complex to avoid confusion with other typing methods and the
MLG subtypes reported in previous studies. In any case, however, our data collectively
suggest that these clonal complexes represent important genomic, and thus pheno-
typic, diversity within assemblage B. This diversity most likely is important for fine-scale
microdiversity and epidemiologic studies, and we have outlined a genome-based
approach and associated three gene markers to robustly catalogue this diversity. It is
also important to note that the genetic diversity observed within assemblage B based
on our comparisons is extensive enough to qualify assemblage B as a distinct species
of Giardia, even compared to the genomic standards used for species demarcation in
prokaryotes (41, 42). This will also be consistent with earlier proposals to formally ele-
vate the cryptic species in G. duodenalis to species rank (19, 20). Accordingly, in addi-
tion to a revision of the species-level taxonomy of Giardia, a suitable nomenclature
should be implemented for the intraspecies clonal complexes to facilitate future eco-
logical studies or public health investigations.

Using these genomic relationships as the reference data set, we further identified
genes which best reflect clonal complex-level patterns of relatedness and establish
their utility to inform future public health response and prevention strategies. We
chose to limit our novel genomotyping scheme to three genes, the same number as
the current typing method in use for Giardia infections in humans, due to the practical
considerations of time/cost efficiency, and have further streamlined laboratory work-
flows by designing PCR assays that can be run in parallel using the same PCR master
mix, substituting the appropriate primers, and same cycling conditions to amplify each
target. We found that further meaningful improvement in typing resolution requires at
a minimum 30 gene targets (or more when accounting for tau correlation to species-
level patterns), which is inefficient to sequence using traditional PCR methods, essen-
tially necessitating whole-genome sequencing.

We used the ANI distance matrix as the reference data set to evaluate individual
genes for within-assemblage B resolution as performed previously for prokaryotic spe-
cies (25). ANI has been used extensively in prokaryotic genome comparisons, as it
offers robust resolution between strains of the same or closely related species (i.e.,
showing 80 to 100% ANI) and it is easy to compute (41). The ANI measure does not
strictly represent core genome evolutionary relatedness, as orthologous genes can
vary widely between pairs of genomes compared. Nevertheless, it closely reflects the
traditional microbiological concept of DNA-DNA hybridization relatedness for defining
prokaryotic species (42), as it takes into account the fluid nature of the bacterial gene
pool and hence implicitly considers shared function. For these reasons, ANI has been
recently used in place of the “gold standard” of prokaryotic taxonomy, the DNA-DNA
hybridization for species-level resolution (42, 43). Recently, a new, accelerated kmer-
based algorithm for computing ANI, FastANI, has been also described that provided
essentially the same ANI values for the same genomes as the original, BLASTN-based
implementation (44). Hence, ANI-based approaches for typing, coupled to maximal cli-
que enumeration (MCE) to explore the landscape of genetic diversity as performed in
this study for Giardia and previously for bacterial species and T. cruzi (45, 46), can scale
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up well with an increasing number of genomes, unlike core genome ML phylogenetic
analysis (at least not without approximations for the ML algorithm that generally
decrease accuracy of the resulting tree [47]). The minor discrepancies observed
between core genome ML and ANI trees might be due to the fact that the relationship
between ML and ANI is nonlinear, presumably due to multiple substitutions at the
same sites, which ANI calculations are not sensitive in detecting (25). In addition, am-
biguous base calls introduced during the pileup step of read mapping are assumed to
have an effect on distance calculations similar to that of homoplasies. Nonetheless,
these differences were rather minor overall and thus did not have any significant
effects on the conclusions drawn here. Accordingly, our methodology can be imple-
mented in any eukaryotic group with intragroup genetic diversity similar to (or lower
than) that of assemblage B, as it has been successfully used for prokaryotic taxa previ-
ously (25), and our approach to design PCR primers and validate PCR assays can be
used in any standard molecular lab equipped to conduct PCR and Sanger sequencing.
Hence, our results should have implications for typing additional protozoan groups of
interest that are difficult to genotype, like Giardia. The challenge of developing an
affordable and easily scalable method for culture-free whole-genome sequencing of
organisms like Giardia remains an open problem.

MATERIALS ANDMETHODS
Empirical data sets.Whole-genome sequencing reads from 34 isolates of Giardia duodenalis assem-

blage B were downloaded from the SRA database at NCBI. These genomes were originally derived from
several hosts (human, beavers, and one dog) plus environmental samples and were collected between
1989 and 1995 in British Columbia, Canada, as part of either contemporary waterborne outbreak investi-
gations or monitoring (48, 49). Additionally, contigs from three reference assemblies (isolates BAH15c1
from Australia and GS and GSMH7 from Alaska) and respective annotations were downloaded from
the Assembly database at NCBI, for a total of 37 genomes in our final data set. This data set, to our
knowledge, comprehensively represents the publicly available set of assemblage B genomes at the
time of this study. Accompanying metadata for all genomes included in our comparisons are de-
scribed in Table S1.

Conserved core genome identification. Data from the reference strain BAH15c1 were selected as
representative nucleotide coding sequences and annotations. The following strategy was used for deter-
mining the conserved core genome of the group. Sequencing reads from each genome were mapped
using BBMap (part of the BBTools package) (50) against the reference set of gene sequences to generate
a core genome reference-based assembly for each isolate. Poor-quality bases less than Q20 (a Phred
score of 20), Illumina adapter sequences, and reads shorter than 50 bp were removed using BBDuk
(another component of BBTools) for quality control prior to mapping. Each reference gene from
BAH15c1 was then searched against each of the remaining core genome assemblies using BLASTN (51).
The best match was extracted from the subject assembly when it showed greater than 70% identity and
covered at least 70% of the query length. Genes which were reciprocal best matches in all isolates were
retained as the conserved gene core. Figure S4 details the workflow used in this section as well as the
following section.

Whole-genome and individual gene phylogenetic and distance matrix comparisons. For all indi-
vidual genes included in the conserved core of each group, an alignment was constructed and refined
using MAFFT v7 and TrimAl with default settings (–auto and –automated1 parameters, respectively) (52,
53). The best-fitting evolutionary model for the alignment was estimated using jModelTest2 and the
Akaike information criteria (AIC), followed by maximum likelihood (ML) analysis using the chosen model
conducted in PAUP* 4.0a166 to compute the ML distance matrix (54, 55). Phylogenetic trees were con-
structed with PhyML v20130103 using the same evolutionary model plus the best starting tree from
jModelTest2 (56). Alignments for all genes in the conserved gene cores for each group were concaten-
ated to form a whole-genome alignment. The best-fitting evolutionary model, ML distance matrices, and
ML phylogenies were computed for each whole-genome alignment as described above for individual
genes. For ANI, the software FastANI was used to compute a similarity matrix from the draft genomes,
which was converted to a distance/dissimilarity matrix (44). Clustering of genomes was accomplished by
the PAM (partitioning around k-medoids) algorithm and the whole-genome ML distance matrix, fol-
lowed by plotting the average silhouette widths against the number of clusters, where the maximum av-
erage silhouette width represented the optimal number of clusters (28, 29). The PAM algorithm and sil-
houette profiles were computed using the R library “cluster.” ML distance matrices for individual genes
were compared against the whole-genome ML and ANI distance matrices using the Kendall tau rank cor-
relation to identify the genes with the highest correlation to the whole-genome distances. Custom Perl
scripts automated the above stages of processing. Rank correlation calculations were conducted using
the cor.test() function in R (57).

Identification of clonal complex boundaries using MCE. Delineation of clonal complex (=subtype)
boundaries was accomplished through the use of a maximal clique enumeration (MCE) approach, using
the Bron-Kerbosch algorithm to identify maximal cliques. For this, the ANI distance matrix was
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transformed into a graph, where each genome is represented as a vertex and there exists a bidirectional
edge connecting two vertices (genomes) if the similarity between them exceeds a minimum threshold.
A maximal clique is defined as the largest possible subset of vertices in which each vertex displays com-
plete connectivity to all other vertices in the subset (i.e., there exists an edge between a given vertex
and all other vertices in the subset) and excludes all others in the complete set of vertices. To empirically
determine minimum identity thresholds for subclade boundaries, maximal cliques were computed using
a series of minimum thresholds, beginning with the minimum ANI (98.6% identity) between any pair of
genomes in the matrix and incrementing by 0.1 ANI unit up to 100.0% identity, and visualized using
Cytoscape v3.7.2. We assumed that monophyletic clades recovered by whole-genome phylogenies con-
stituted biologically relevant (e.g., naturally occurring) groups; thus, the minimum value at which all dis-
tinct monophyletic clades observed on the phylogeny were subsequently recovered as maximal cliques
was chosen as the minimum threshold for further analysis.

Gene content analyses. The ab initio gene finding software Augustus was used to predict genes in
all 37 genomes. For this, an HMM model was trained following the procedure outlined by Hoff and
Stanke using the NCBI reference genes and recently published RNA-Seq data sequenced from a related
isolate of G. duodenalis assemblage A as sources of extrinsic evidence for estimating model parameters
(58, 59). De novo gene predictions obtained using the new model from all 37 genomes were derepli-
cated using usearch with clustering parameters of 90% identity across 70% of the length of the protein
sequence (60). This step resulted in 7,612 gene clusters represented by at least one sequence. When
multiple sequences existed within a cluster, the sequence that best represented the cluster in terms of
sequence identities (the cluster medoid) was exported and combined to form the predicted pange-
nome. A binary presence-absence matrix was generated by searching each gene’s medoid against the
genomes using BLASTN with a minimum threshold for a match of 70% identity across 70% of the query
length parameters. A neighbor-joining tree with 1,000 bootstrap replicates was constructed from this bi-
nary matrix using the ape package in R. Functional annotation of genes was accomplished using both
protein homology searches against the eggNOG database and existing annotations from NCBI (32).
Annotations and gene identifiers derived from the NCBI reference files were given priority over eggNOG
matches when a gene showed a reciprocal best match to a reference gene. Pairwise gene content com-
parisons across groups derived from genome metadata (i.e., host, sampling location, clonal complex
assignment, etc.) were automated using custom Perl scripts (code available from the authors on request
[kostas@ce.gatech.edu]). SRA accession numbers for RNA data used in this procedure are SRR8589747 to
SRR8589752.

Statistical analyses. Statistical significance of the Kendall tau correlations of the individual gene ML
distance matrices versus the whole-genome ML or ANI distance matrix was assessed using a delete-half
jackknife strategy and 1,000 replicates for each group. In brief, for each replicate, 50% of the data from
the gene-based distance matrix were randomly resampled without replacement and compared using
Kendall tau to the corresponding data in the whole-genome ML or ANI matrix. The tau correlation for all
1,000 replicates was averaged, and this average tau value was used to compute a z-score and P value.
To test for potential spatial biases across the genome of the best-performing individual genes, we sorted
the genes by their order of appearance in the most complete reference genome available (G. duodenalis
assemblage A WB, version 41 in GiardiaDB) (61) and filtered out genes which had bit scores of less than
75 and which did not map to the chromosomal scaffolds. A total of 4,191 genes remained after filters
were applied. A runs test was used to estimate the randomness of the distribution of tau values along
the mean gene position in the appropriate reference genome. The spatial autocorrelation and periodic-
ity of genes were further tested using Moran’s I correlogram and Lomb-Scargle periodogram. Lag classes
for Moran’s I correlogram were computed using an equal size of 50 consecutive genes (62). R packages
spdep, lomb, and snpar were used to compute spatial correlograms, periodograms, and the runs test,
respectively (63–65).

TABLE 2 Primer sequences for novel Giardia duodenalis assemblage B (genomotyping) MLST

Gene target Primer name Usage Primer sequence (59! 39) Length Estimated Ta (°C)a Reference
KWX12433 (6-pgd) KWX12433_118f F1 GGR ATT RTT GCG CAR TCR CTT CC 23 58 This study

KWX12433_157f F2 GAC TAT AGY TCR CCA ATA GGC 21 56 This study
KWX12433_1184r R2 TTR TAT CTT GCA GKC AGC TGR CA 23 58 This study
KWX12433_1641r R1 CAG AGA TGT TCG YYT ACG AAA C 22 58 This study

KWX13158 (hypothetical) KWX13158_339f F1 GGT TAC YTT TCT AGG TGA YAT ATA 24 58 This study
KWX13158_1820r R1 CTR CAR AAC GGW AGR CTC ARG TC 23 56 This study
KWX13158_1784r R2 CCC GTG AAT ACR CAY AAG CTA T 22 58 This study
KWX13158_426f F2 CAG RGT GCC AAA TCT TTA CRC 21 56 This study

KWX15086 (phkg2) KWX15086_1393f F1 CTT GAC CTY AAT GCM TTY CTY ATG A 25 58 This study
KWX15086_1548f F2 AAT CTG TCC YCT YGA GAT TGC T 22 58 This study
KWX15086_2586r R1 GCT YTT GTT CTG YCC AAG GCT 21 58 This study
KWX15086_2564r R2 TGA AGA GCC TCC GAG AAR TC 20 58 This study

aTa, annealing temperature.
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Selection of gene targets for typing, primer development, and laboratory testing. In order to
validate our MCE-based method of clonal complex assignment, we selected potential gene targets for
laboratory testing from the top 30 core genes based on their tau rank correlation values. Potential genes
were inspected manually for suitable sites for designing PCR primers with respect to an amplicon that
produces an identical (or nearly identical) phylogeny compared to the phylogeny reconstructed from
sequences of the entire length of the gene. Maximal cliques were computed from concatenated align-
ments of expected PCR amplicons to evaluate the level of resolution offered by a particular triplet of
genes. The final selection of three gene targets was based on similarity of amplicon-based cliques when
visually compared to cliques computed from WGS. Nested PCR primers capable of annealing to tem-
plates from both assemblages A and B at approximately the same temperatures were designed man-
ually for three target genes. Primer sequences are provided in Table 2. Primary and secondary nested
PCRs for all genes were carried out using the same cycling conditions: initial denaturation at 94°C for 5
min, followed by 35 cycles of 94°C for 45 s, annealing at 58°C for 45 s, extension at 72°C for 1 min 30 s,
and a final extension at 72°C for 7 min. PCR master mixes were also identical for all three gene targets.
Each primary reaction consisted of 22.35 ml of molecular-grade water, 2 ml of template DNA, 5 ml of 10�
PCR buffer, 4 ml of 1.25mM deoxynucleoside triphosphates (dNTPs), 1.25 ml each of 10mM primers, 10
ml of 10-mg/ml bovine serum albumin (BSA), 4 ml of 25mM MgCl2 (final concentration of 2mM), and,
lastly, 0.15 ml of 5-U/ml Taq polymerase, for a final reaction volume of 50 ml. Secondary reactions are also
carried out in 50-ml volumes with 29.85ml of water, 2ml of primary reaction template, 5 ml of PCR buffer,
2.5 ml of 10mM primers, 4 ml of 25mM MgCl2 (final concentration of 2mM again), and 0.15 ml of 5-U/ml
Taq polymerase.

Data availability. Sequences generated as part of this study have been submitted to GenBank and
are available as accession numbers MW289320 to MW289523.
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