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The genome of Echinococcus multilocularis, one of the most dangerous

endoparasites for humans in the northern hemisphere, has been studied for

decades, but its global genetic diversity has not yet been fully deciphered. Yet,

our understanding of the diversity of this parasite has recently improved

significantly due to the development of new genotyping methods. However,

the use of different methods and markers has made it difficult—and in some

cases impossible—to compare existing studies directly. As a result, accurate

information on the global genetic diversity of E. multilocularis remains

unavailable, although such knowledge is essential from both clinical and

epidemiological perspectives. Here we provide an overview of the state of

knowledge on the genetic diversity of E. multilocularis, and the methods used

for genotyping this parasite and provide an outlook on needed future research to

understand the diversity of this fascinating parasite.
KEYWORDS

Echinococcus multilocularis, genotyping, genetic diversity, methods, minireview
Introduction

Echinococcus (E.) multilocularis (Leuckart, 1863; Vogel, 1957; Vuitton et al., 2020) is a

dangerous and zoonotic endoparasite of the northern hemisphere (Rausch, 1967; Conraths

et al., 2017; Deplazes et al., 2017; Thompson, 2017; Vuitton et al., 2020) causing alveolar

echinococcosis (AE), which can be fatal if left untreated (Vuitton et al., 2015). Even with

adequate treatment it is a chronic and serious disease that can cause long-term physical and

psychosocial stress for affected people (Vuitton et al., 2015, Vuitton et al., 2020; Autier et al.,

2022; Nikendei et al., 2023; Antolová et al., 2024).

Genetic studies have significantly changed our understanding of the diversity of this

parasite in recent years. At the end of the 20th and beginning of the 21st century, it was still

assumed that the genetic diversity of E. multilocularis was rather low or that the existing

genetic markers were insufficient to study genetic diversity in sufficient depth (Bowles et al.,
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1992; Bart et al., 2003; Nakao et al., 2009). In recent years, a

significantly higher variability in the genome of E. multilocularis

could be detected with the arrival of new genotyping methods

(Nakao et al., 2009; Šnábel et al., 2020; Bohard et al., 2023;

Lallemand et al., 2024; Santoro et al., 2024; Rachel et al., 2025).

Investigating the diversity of E. multilocularis is important, because

knowledge on different genotypes can contribute to a better

understanding of the spread, genetic adaptation, and virulence of the

parasite in different hosts. Moreover, detailed knowledge on the genetic

diversity may help to establish more targeted diagnostics, to improve

the tracing back of the infection source, and to develop better

therapeutic strategies (Wen et al., 2019; Casulli and Tamarozzi, 2021;

Romig andWassermann, 2024; Simoncini and Massolo, 2024). All this

can also help to improve our understanding of the epidemiology of this

parasite. The aim of this minireview is therefore to present a concise

overview and a summary of the current state of knowledge regarding

the genetic diversity and genotyping of E. multilocularis, with the goal

of identifying promising methods and future opportunities in this field.
Taxonomy, life cycle, and distribution

E. multilocularis (Leuckart, 1863) is a species of the genus

Echinococcus that occurs in the northern hemisphere (Oksanen et al.,

2016; Simoncini and Massolo, 2024). Various rodents and lagomorphs
Frontiers in Parasitology 02
are involved in the life cycle as intermediate hosts, depending on the

spatial distribution of the respective species in the geographic area

where the parasite is endemic. Humans are dead-end intermediate

hosts and various canids serve E. multilocularis as definitive hosts

(Figure 1) (Woolsey and Miller, 2021; Romig and Wassermann, 2024;

Lundström-Stadelmann et al., 2025). In Europe, the sylvatic life cycle of

E. multilocularis dominates, but there is also a ‘domestic life cycle’, in

which dogs play a central role. Both cycles can lead to an accidental oral

infections of humans. Infections with cats as definitive hosts have been

reported, but the prevalence is usually low and their role in the life cycle

has been controversially discussed due to the usually low intensity of

infection (Petavy et al., 2000; Dyachenko et al., 2008; Umhang et al.,

2015; Knapp et al., 2016; Karamon et al., 2019; Umhang et al., 2022)

and the limited number of excreted eggs (Thompson et al., 2006;

Dyachenko et al., 2008; Umhang et al., 2015, Umhang et al., 2022). One

study showed that eggs shed by cats led to a few infections in mice

(Kapel et al., 2006). Therefore, the risk of humans infections through

eggs shed by cats seems rather low (Thompson et al., 2006; Hegglin and

Deplazes, 2013; Umhang et al., 2015; Oksanen et al., 2016), indicating

that cats play a minor role in the epidemiology of the parasite

(Thompson et al., 2006; Hegglin and Deplazes, 2013; Conraths and

Deplazes, 2015; Umhang et al., 2015; Oksanen et al., 2016). In

conclusion, cats seem to play a negligible role in transmission

(Kamiya et al., 1985; Thompson et al., 2003; Umhang et al., 2015;

Knapp et al., 2016; Furtado Jost et al., 2023). Studies on the spread of E.
FIGURE 1

Life cycle of Echinococcus multilocularis with a selection of definitive, intermediate and dead-end intermediate hosts, as well as all stages of
development of the parasite (created in BioRender. Rachel, F. (2025) https://BioRender.com/q81lfds and modified after Thompson (2017) and Centers
for Disease Control and Prevention (2019)).
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multilocularis show that, in addition to the presence of specific hosts,

the prevalence is highly likely to be influenced by environmental factors

such as temperature and humidity, as well as by the behaviour of hosts

(Schneider et al., 2023) and land-use (Staubach et al., 2001).

The taxonomy of the genus Echinococcus has undergone a

transformation since the diseases caused by different species of

this genus were first described. While Virchow (1855) only

distinguished the two species E. multilocularis and E. granulosus

on the basis of the clinical presentation of the respective diseases

these parasites caused, Leuckart (1863) described E. multilocularis

as a separate species. The years that followed until the late 20th

century were marked by ambiguous classifications and taxonomic

confusion, which led, for example, to postulating subspecies of E.

multilocularis, which are no longer recognised (Romig et al., 2017;

Thompson, 2020; Vuitton et al., 2020). Genetic classification of the

members of the genus Echinococcus into four distinct species only

became possible in the early 1990s (Bowles et al., 1992).

Nevertheless, doubts regarding the validity of some species arose

over time due to results of the first genetic studies, as the phenotype

of the adult parasite in different hosts did not always reflect the

found genotype (Bowles and McManus, 1993a). In the following

years, the examination of isolates from different continents (North

America, Europe, Asia) revealed a clear genetic differentiation of

populations of E. multilocularis (Šnábel et al., 2020). The species E.

multilocularis could thus be clearly separated from the E. granulosus

sensu lato (s.l.) complex, but despite substantial progress, it was still

difficult to classify the genus Echinococcus taxonomically and

phylogenetically in a correct fashion (Knapp et al., 2015).

Molecular biology proved invaluable in resolving this issue, as it

not only reinstated the original taxonomic hypotheses, but also

confirmed the reliability of distinct morphological characteristics by

incorporating sequence data (Thompson, 2020). In addition to E.

multilocularis, nine other species in the genus Echinococcus could be

genetically confirmed or identified (E. granulosus, E. equinus, E.

ortleppi, E. canadensis, E. intermedius, E. felidis, E. shiquicus, E.

vogeli, E. oligarthra) (Thompson, 2020; Vuitton et al., 2020).

Today E. multilocularis, measuring only 2 to 4 mm in size, with

four suction cups on its head, a double hook crown, and usually five

proglottids, is classified in the phylum Platyhelminthes, class

Cestoda, subclass Eucestoda, family Taeniidae, and genus

Echinococcus, along with nine other species (Nakao et al., 2010b;

Thompson, 2017; Conraths and Maksimov, 2020; Vuitton

et al., 2020).
Genetic diversity of Echinococcus
multilocularis – state of research

The genetic diversity of E. multilocularis is the focus of scientific

interest as the infection is a typical example for the One Health

approach, as animals and humans can be infected, environmental

factors are important for transmission, and it is suspected that

different genotypes may have different virulence (Table 1 and

Figure 2) (Vogel et al., 1990; Bowles et al., 1992; Nakao et al.,

2009; Spotin et al., 2018; Herzig, 2019; Šnábel et al., 2020; Bohard
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et al., 2023; Conlon et al., 2024; Cafiero et al., 2025; Guo et al., 2025;

Rachel et al., 2025). The researchers’ questions focus on the

following areas: evolutionary development, taxonomy, geographic

spread across the Northern Hemisphere over time, virulence in

various hosts with a particular focus on humans due to severe

alveolar echinococcosis, and molecular epidemiology (Table 1).

The genetic diversity of E. multilocularis has been studied since

the early 1990s. Initially, there were three possible methods for

analysing the DNA of E. multilocularis: PCR, Sanger Sequencing

and comparative analysis of mitochondrial genes (Maxam and

Gilbert, 1977; Sanger et al., 1977, Sanger et al., 1980; Saiki et al.,

1985; Avise et al., 1987; Tajima, 1989; Bowles et al., 1992; Excoffier

et al., 1992; Bowles and McManus, 1993a). The PCR method made

it possible to amplify specific regions of the genome for the first time

(Gottstein and Mowatt, 1991; Bretagne et al., 1993), Sanger

Sequencing allowed the determination of the nucleotide sequence

(Bowles et al., 1992), and comparative analysis helped to clarify

phylogenetic relationships and population structure (Bowles et al.,

1995). While initially only short fragments of individual genes could

be sequenced (Bowles and McManus, 1993b), the determined

sequences became longer and longer over the course of the

following decades, until several entire genes (Herzig et al., 2021)

(see also Table 1) and finally the entire mitogenome DNA sequence

served as the basis for the respective studies (Nakao et al., 2002;

Bohard et al., 2023; Lallemand et al., 2024; Guo et al., 2025; Rachel

et al., 2025).

Parts of genomic DNA (gDNA) were also used as markers.

These were mainly microsatellite markers (Bretagne et al., 1996;

Nakao et al., 2003; Bart et al., 2006; Knapp et al., 2007). One

microsatellite marker, named EmsB, was used particularly

frequently (e.g. Knapp et al., 2009; Casulli et al., 2010; Umhang

et al., 2017; Sacheli et al., 2023). However, it became apparent that

samples from different regions are always required for the creation

of EmsB dendrograms, as the marker and the statistical method

applied to analyse the data influence the cluster structure of the

dendrogram due to the number of individual variations in the used

samples (Knapp et al., 2020; Umhang et al., 2021b). There was also

further criticism (Mohammadi and Harandi, 2024) of the EmsB

studies, limiting the significance and accuracy of these papers and

suggesting that studying the diversity of E. multilocularis could be

improved by using other genetic methods (e.g. NGS) that cover a

broader range of genetic markers.

Older studies often did not use complete genes or applied

sequences from multiple different genes or genetic markers,

respectively. Moreover, when the sequences of the same gene (e.g.

cox1 or nad1) were examined across studies, these often differed in

their length, or only the “informative” sections of the gene

fragments were included in the analysis (Antolová et al., 2024).

Moreover, the nomenclature of the identified genotypes and

haplotypes was inconsistent, with some studies even reversing

names (Šnábel et al., 2020). These inconsistencies resulted in a

situation, where little to no reliable assessment of the genetic

diversity of E. multilocularis could be derived from the literature

of the past decades, as the data are largely incomparable (e.g.,

mtDNA, microsatellites of gDNA) (Table 1).
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TABLE 1 Overview of scientific papers published since 1990 (up to January 2025) on the topic of genetic diversity in Echinococcus multilocularis.

Geographic
ne/
rker

Fragment
length of the
gene [bp]

Accession no.

L 1 600 –

ox1 366 of 1,608 –

ad1 471 of 894 –

ox1 391 of 1,608 –

nRNA
enes

1,300 of 1,300 –

, AgB/1,
I, Hbx2

nad1 (141 of 894),
AgB/1 (102), ActII
(268), Hbx2 (331)

L07774, AF003748, AF003749,
AF003750, X66818, AF003976,
AF003977, AF003978, Z26481,

Z26482, Z26483, U65748

, ITS2,
djoining
coding
ions

1300 –

rnS 304 –

TS1 934, 619 –

ms1,
ms2

864 (EMms1), 894
(EMms2)

AB100031.1, AB100032.1

msB 200 –
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Paper origin of
samples

Animal
Analysis

method(s)
Genotype/

Haplotype/Profile
G
M

Vogel et al.
(1990)

Switzerland, France,
Canada, United States

Germany
Human (Homo sapiens), common vole (Microtus arvalis)

Cloning via
plasmid

– p

Bowles et al.
(1992)

China, North America,
Europe (Germany)

Human (Homo sapiens), naturally infected rodent Sequencing M1, M2

Bowles and
McManus
(1993a)

China, North America,
Europe (Germany)

Human (Homo sapiens), naturally infected rodent Sequencing M1, M2 n

Okamoto
et al. (1995)

Japan, United States
Gray red-backed vole (Clethrionomys rufocanus bedfordiae),
pig (Sus domesticus), Norway rat (Rattus norvegicus), tundra

vole (Microtus oeconomus)
Sequencing –

Bretagne
et al. (1996)

France, United States,
Germany, Switzerland,

Japan

Common vole (Microtus arvalis), muskrat (Ondatra
zibethicus), human (Homo sapiens), water vole (Arvicola
terrestris), hispid cotton rat (Sigmodon hispidus), grey red-
backed vole (Craseomys rufocanus), tundra vole (Microtus

oeconomus), red fox (Vulpes vulpes)

Microsatellite
A profile, B profile, C

profile
U1

g

Haag et al.
(1997)

Switzerland, Canada,
United States, Japan,
France, Germany

Human (Homo sapiens), monkey, rodent, red fox (Vulpes
vulpes)

Sequencing Genotype A & Genotype B
nad1
ActI

Rinder et al.
(1997)

Germany, Japan,
United States

Red fox (Vulpes vulpes), vole (Clethrionomys rufocanus
bedfordiae), human (Homo sapiens), vole (Microtus

oeconomus), vole (Clethrionomys rutilus)

Cloning and
sequencing

Genotype 1 & Genotype 2

ITS
and a
rRNA

re

von
Nickisch-
Rosenegk

et al. (1999)

Austria, France,
Germany, USA

Microtus arvalis, Meriones unguiculatus Sequencing –

van
Herwerden
et al. (2000)

United States, Eurasia Human (Homo sapiens), red fox (Vulpes vulpes)
Cloning and
sequencing

M1

Nakao et al.
(2003)

Japan Red fox (Vulpes vulpes) Microsatellite
Different alleles of EMms1,

Emms2
EM
Em

Bart et al.
(2006)

United States, Canada,
Switzerland, France,
Czech Republic,

Austria

Vole (Microtus oeconomus), human (Homo sapiens), water
vole (Arvicola terrestris), Ouistiti (Callitrichide´s),

Cercopitheque, red fox (Vulpes vulpes)

Cloning and
microsatellite

– E
e
a

A

c

c

s

1

g

r

I
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TABLE 1 Continued

Geographic
Gene/
Marker

Fragment
length of the
gene [bp]

Accession no.

cox1, (CAC)5
probe

391 of 1,608 (cox1) –

EmsB, EmsJ,
EmsK, NAK1

EmsB (209–241),
EmsJ (152–155),
EmsK (248–250),
NAK1 (189–201)

AY680845, AY680857, AY680860,
AB100031

EmsB,
NAK1, atp6

EmsB (209–241),
NAK1 (189–201),
atp6 (512 of 516)

EU044715, EU044717, EU044716

cox1, nad1,
rrnS, atp6,

actII

cox1 (789 of 1,608),
nad1 (589 of 894),
atp6 (516 of 516),
rrnS (362), actII

(459)

–

EmsB EmsB (209–241) –

EmsB EmsB (209–241) –

cob, cox1,
nad2

cob (1,068 of 1,068),
cox1 (1,608 of

1,608), nad2 (882 of
882)

AB461395–AB461420 and
AB477009– AB477012

cox1
(mtDNA),

ef1a (gDNA)

cox1 (789 of 1,608),
ef1a (656)

AB491414-AB491471

EmsB EmsB (209–241) –

EmsB, elp,
cal, th

EmsB (209–241), elp
(1023), cal (1368), th

(583)

FR820773 - FR820783, FR820594 -
FR820596

(Continued)

R
ach

e
l
e
t
al.

10
.3
3
8
9
/fp

ara.2
0
2
5
.172

16
9
0

Fro
n
tie

rs
in

P
arasito

lo
g
y

fro
n
tie

rsin
.o
rg

0
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Paper origin of
samples

Animal
Analysis

method(s)
Genotype/

Haplotype/Profile

Okamoto
et al. (2007)

Japan, United States
Gray red-backed vole (Clethrionomys rufocanus bedfordiae),
pig (Sus domesticus), Norway rat (Rattus norvegicus), tundra

vole (Microtus oeconomus)

Sequencing and
DNA

fingerprinting
–

Knapp et al.
(2007)

United States, Canada,
China, Japan, France,
Switzerland, Germany,
Austria, Poland, Czech
Republic, Slovakia,

Netherlands

Tundra vole (Microtus oeconomus), human (Homo sapiens),
Rodent, lacustrine vole (Microtus limnophilus), Kam Dwarf
hamster (Cricetulus kamensis), red fox (Vulpes vulpes), water
vole (Arvicola terrestris), macaque monkey, vervet monkey,

marmoset monkey

Microsatellite European (D, E, F, G, H)

Knapp et al.
(2008)

France Red fox (Vulpes vulpes)
Sequencing and
microsatellite

different genotypes

Bagrade
et al. (2008)

Latvia Red fox (Vulpes vulpes) Sequencing Europe

Casulli et al.
(2009)

Italy Red fox (Vulpes vulpes) Microsatellite Four main genotypes

Knapp et al.
(2009)

Poland, France, Czech
Republic, Switzerland,
Germany, Austria,

Slovakia

Red fox (Vulpes vulpes) Microsatellite G1-G32

Nakao et al.
(2009)

Austria, France,
Germany, Belgium,
Slovakia, Kazakhstan,
United States, Japan,

China

Laboratory strain, red fox (Vulpes vulpes), gerbils (Meriones
unguiculatus), vole, human (Homo sapiens), domestic dog

(Canis lupus familiaris)
Sequencing

Europe (E1-E5), Asia (A1-
A10), North America (N1-

N3), O1

Nakao et al.
(2010a)

China
Human (Homo sapiens), rodent (Microtus fuscus, Microtus
limnophilus and Cricetulus kamensis), hare (Lepus oiostolus),

pika (Ochotona curzoniae)
Sequencing M01 to M05 (for cox1)

Casulli et al.
(2010)

Hungary Red fox (Vulpes vulpes) Microsatellite European (H, G, E, D)

Knapp et al.
(2012)

Norway Sibling vole (Microtus levis)
Sequencing and
microsatellite

EmsB (Svalbard)
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TABLE 1 Continued

Geographic
ne/
rker

Fragment
length of the
gene [bp]

Accession no.

x1 cox1 (792 of 1,608) –

x1 cox1 (1,608 of 1,608)

AB688125, AB688134, AB777914,
AB777915, AB777920, AB777921,
AB777916, AB777917, AB777918,

AB777919

d1 nad1 (395 of 894) JX266826.1, AJ237640.1, JF751034.1

sB EmsB (209–241) –

d1 nad1 (894 of 894) KF962555 - KF962571

cox1,
d2

cob (693 of 1,068),
cox1 (899 of 1,608),
nad2 (623 of 882)

KC549993, KC550008, KC582628-
33, 550007, KC582621-26,

KC549999, KC550006, KC582614-
19

cox1,
d2

cob (1,068 of 1,068),
cox1 (1,608 of

1,608), nad2 (882 of
882)

KY205662–KY205706

sB EmsB (209–241) –

cox1
cob (547 of 1,068),
cox1 (513 of 1,608)

new cox1 no.: H4 (MF-370866) and
H5 (MF370867); new cob no.: H2
(MF370868), H3 (MF370869), H4
(MF370870) and H5 (MF370871)

, atp6,
, nad1

nad5 (1,914), atp6
(808), cox1 (1,801),

nad1 (1,126)

MH259779, MH259780,
MH259781, MH259782,
MH259783, MH259784,
MH259785, MH259786,
MH259787, MH259775,
MH259776, MH259777,
MH259778, MH259764,
MH259765, MH259766,
MH259767, MH259768,
MH259769, MH259770,
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Paper origin of
samples

Animal
Analysis

method(s)
Genotype/

Haplotype/Profile
Ge
Ma

Ma et al.
(2012)

China
Qinghai vole (Microtus fuscus), domestic dog (Canis lupus

familiaris), human (Homo sapiens)
Sequencing Haplotypes H16 and H17 c

Konyaev
et al. (2013)

Russian Federation

Human (Homo sapiens), narrow-headed vole (Microtus
gregalis), tundra vole (Microtus oeconomus), gray red-backed
vole (Myodes rufocanus), red fox (Vulpes vulpes), wolf (Canis

lupus), flat-headed vole (Alticola strelzowi), lake Baikal
mountain vole (Alticola olchonensis), arctic fox (Vulpes

lagopus), Senegal bushbaby (Galago senegalensis)

Sequencing

Asia (EmRUS1-EmRUS12),
Mongolia (EmRUS17,

EmRUS18), North America
(EmRUS13-EmRUS15),
Europe (EmRUS16)

c

Schurer
et al. (2014)

Canada Wolf (Canis lupus) Sequencing
Europe (M2), european

haplotype
n

Umhang
et al. (2014)

France Red fox (Vulpes vulpes) Microsatellite P01-P22 E

Gesy et al.
(2014)

Canada
Coyote (Canis latrans), wolf (Canis lupus), arctic fox (Vulpes

lagopus), deer mice (Peromyscus maniculatus)
Sequencing Haplotypes A - Q n

Gesy and
Jenkins
(2015)

Canada Coyote (Canis latrans), deer mice (Peromyscus maniculatus) Sequencing SK1 - SK8
cob
n

Karamon
et al. (2017)

Poland Red fox (Vulpes vulpes) Sequencing
Asia (Haplotype EmPL9) &

Europe (Haplotypes
EmPL1-8 & EmPL10-15)

cob
n

Umhang
et al. (2017)

Poland Red fox (Vulpes vulpes) Microsatellite Pol01 - Pol29 E

Abulizi et al.
(2018)

China Human (Homo sapiens) Sequencing
H1 - H5 (cox1) and H1 -

H5 (cob)
cob

Li et al.
(2018)

China Vole (Neodon/Microtus fuscus) Sequencing

Haplogroup C1 (JZ03, JZ05,
JZ06, JZ07, JZ08, JZ09,

JZ10, JZ12), Haplogroup C2
(JZ01, JZ02, JZ04,JZ11,

JZ13)

nad5
cox1
o

o

a

m

a

,
a

,
a

m

,
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MH259771, MH259772,
MH259773, MH259774

, nad1
cox1 (450 of 1,608),
nad1 (500 of 894)

KT318127, KT033486, KT318128,
KX186692, KX186693, KX186694,
KX186695, KX186696, KX186697,
KX186698, KT318129, KT033489,
KT318130, KX186699, KX186700,
KX186701, KX186702, KX186703,

KX186704, KX186705

msB EmsB (209–241) –

, cox1,
ad2

cob (1,068 of 1,068),
cox1 (1,608 of

1,608), nad2 (882 of
882)

MN829497-MN829544

1, rrnS
nad1 (195 of 894),

rrnS (149)

MN796073, MN796075,
MN796077, MN809175-MN809180,

MN813494-MN813498,
MH507069, MH744552,

MH744553

msB EmsB (209–241) –

B, cob,
, nad1

EmsB (209–241),
nad1 (379 of 894),
cox1 (785 of 1,608),
atp6 (516 of 516)

–

msB EmsB (209–241) –

msB EmsB (209–241) –

, cox1,
ad1

cob (387 of 1,068),
cox1 (814 of 1,608),
nad1 (344 of 894)

MW591189, MW591188

, EmsB
cox1 (758 of 1,608),
EmsB (209–241)

MZ026364, MZ026301 -
MZ026309, MZ026341 -
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Heidari et al.
(2019)

Iran Red fox (Vulpes vulpes), golden jackals (Canis aureus) Sequencing

Haplotypes (E.mKh2,
E.mKh4, E.mKh11,
E.mKh20, E.mKh22,
E.mKh30, E.mKh41,
E.mKh47, E.mKh55,

E.mKh81

cox

Knapp et al.
(2019)

Sweden, Denmark Red fox (Vulpes vulpes) Microsatellite

P1 (= G06/G07), P2 (=
G05/G07), P3 (= G07), P4
(= G23/G27/G28), P5 (=
G19), P6 (= G20/G21)

E

Alvarez
Rojas et al.
(2020)

Kyrgyzstan
Human (Homo sapiens), domestic dog (Canis lupus

familiaris)
Sequencing A2, A11-A26

cob
n

Jarosǒvá
et al. (2020)

Slovakia Wolf (Canis lupus), domestic dog (Canis lupus familiaris) Sequencing 4 haplotypes nad

Knapp et al.
(2020)

Belgium, France,
Germany, Switzerland

Human (Homo sapiens) Microsatellite P1 to P9 E

Herzig et al.
(2021)

Germany Red fox (Vulpes vulpes)
Sequencing and
microsatellite

EmsB (D, G, H)
Em
cox

Knapp et al.
(2021a)

France
Red fox (Vulpes vulpes), domestic dog (Canis lupus

familiaris), domestic cat (Felis catus)
Microsatellite

Group 1 (G1) - Group 3
(G3)

E

Knapp et al.
(2021b)

Switzerland Domestic pig (Sus scrofa domesticus) Microsatellite P1 - P12 E

Santa et al.
(2021)

Canada Coyote (Canis latrans), red fox (Vulpes vulpes) Sequencing
Haplotypes (Em ECA, Em
EAB, Em ESK2, Em BC1,

Em N2, Em ESK)

cob
n

Shang et al.
(2021)

China
Domestic dog (Canis lupus familiaris), human (Homo

sapiens), vole
Sequencing and
microsatellite

EmHa1 (cox1) - EmHa4
(cox1), EmsB (P1 - P7)

cox1
e
a

1

s
1
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Accession no.

MZ026353, MZ026310 -
MZ026322, MZ026363, MZ026323

- MZ026340, MZ026354 -
MZ026362

EmsB
cox1 (1,608 of

1,608), EmsB (209–
241)

MW255891 - MW255894,
KY205685, MW255896 -
MW255898, KY205677,
MW255900, MW255901,
KY205685, MW255903 -
MW255905, KY205685,
MW255907, KY205677,

MW255909 - MW255911,
KY205685

sB EmsB (209–241) –

, nad1
cox1 (330 of 1,608),
nad1 (576 or 594 of

894)
OM640355, OM640356, OM471710

x1
cox1 (300-1,590 of

1,608)
–

nad1,
ob

cox1 (?), nad1 (395
of 894), cob (209-902

of 1,068)
–

, cox1,
, cob

EmsB (209–241),
nad2 (882 of 882),
cox1 (1,608 of

1,608), cob (1,068 of
1,068)

–

enome,
sB

mtDNA (13,738 of
13,738), EmsB (209–

241)
OQ599939 - OQ599968

sB EmsB (209–241) –

, nad2
nad2 (882 of 882),
cox1 (1,608 of 1,608)

OQ874673–OQ874679 (cox1) and
OQ884981–OQ884984 (nad2)
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Umhang
et al.

(2021b)
Poland Red fox (Vulpes vulpes)

Sequencing and
microsatellite

cox1: European (POL_B,
POL_A), Asian (POL_E);
EmsB: APol1 (G01; Asian),
APol3 (P01; Asian), APol2
(NA; Asian), EPol26 (P19;
European), EPol22 (P17;
European), EPol34 (P03;
European), EPol31 (P24;

European)

cox1

Umhang
et al.

(2021a)
France Vole (Arvicola terrestris) Microsatellite P22 E

Uakhit et al.
(2022)

Kazakhstan Red Fox (Vulpes vulpes) Sequencing Hp1, Hp2, Hp3 cox1

Martini
et al. (2022)

Luxembourg Muskrat (Ondatra zibethicus) Sequencing European (E2, E4, E5) c

Polish et al.
(2022)

United States Red fox (Vulpes vulpes), human (Homo sapiens) Sequencing European (E5)
cox1

Santa et al.
(2023)

Canada Red fox (Vulpes vulpes), coyote (Canis latrans) Sequencing
ECA, EAB, ESK, ESK2,

BC1, N2; EmsB: P1 - PP16
EmsB
nad

Bohard et al.
(2023)

France, Luxembourg Human (Homo sapiens) Sequencing
Europe (Em1-Em13), Asia
(EmAsia), EmsB: P4, P8,

P9, near 7PRC-rc

Mitog
E

Sacheli et al.
(2023)

Belgium Human (Homo sapiens) Microsatellite P1, P4, P8, P9 E

Karamon
et al. (2023)

Poland Domestic pig (Sus scrofa domesticus) Sequencing

European (EmPL cox A,
EmPL cox B, EmPL cox E,
EmPL cox F, EmPL cox G,
EmPL cox B2 and EmPL

cox1
,

m

o

,
c

2

m

m
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, nad1
cox1 (497 of 1,608),
nad1 (285 of 894)

–

, nad1,
, nad2

cox1 (789 of 1,608),
nad1 (395 of 894),
cob (603 of 1,068),
nad2 (882 of 882)

OP277487-OP277506, OP277507 –

OP277525, OP225398, OP225402,
OP225448, OP225555, OP225644,
OP225830 and OP225945-54,
MW326786-7, MW343787-9,
MW357715, MW366778-79,

MW384819-20 and OP356581-
OP356591

2, cob,
msB

nad2 (527 of 882),
cob (521 of 1,068),
EmsB (209–241)

OQ606770–OQ606772, OP596325–
OP596330, PQ114719–PQ114730

cob cob (694 of 1,068) LC764417 - LC764425

genome
mtDNA (13,735 to
13,740 of 13,738)

OR911371-OR911453

, nad1,
6, cob,
ad2

cox1 (1,608 of
1,608), nad1 (588 of
894), atp6 (516 of

See Supplementary Table
S3 Santoro et al. (2024)
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cox G2, EmPL nad A2,
EmPL nad B2, EmPL nad
C2, EmPL nad D2); Asian-
like (cox1 (EmPL cox E)
and nad2 (Em PL nad B))

Alshammari
et al. (2024)

United States, China,
Poland, Slovakia,
Russia, Austria,

France, Kyrgyzstan,
Canada, Switzerland,
Japan, Hungary,
Mongolia, Iran,
Sweden, Turkey,
Germany, Estonia,

Slovenia, Kazakhstan

– Sequencing
cox1 (Hap01-20), nad1

(Hap01-13)
cox

Antolová
et al. (2024)

Slovakia Human (Homo sapiens) Sequencing
Haplotypes (E1/E2, E4, E5,

E5a)
cox
cob

Conlon et al.
(2024)

United States
Coyote (Canis latrans), red fox (Vulpes vulpes), gray fox

(Urocyon cinereoargenteus)
Sequencing and
microsatellite

Haplotype G8; EmsB: All
New York variants fall
within the European

clusters

nad
E

Hifumi et al.
(2024)

Japan, Canada Hokkaido native pony, light breed, pony, heavy horses Sequencing
Asian haplogroup,

European haplogroup

Lallemand
et al. (2024)

France, United States,
Alaska, Armenia,
Belgium, Canada,
China, Germany,

Japan, Luxembourg,
Norway (Svalbard),
Poland, Russia,

Sweden, Switzerland

Human (Homo sapiens), tundra vole (Microtus oeconomus),
rodent, domestic dog (Canis lupus familiaris), muskrat

(Ondatra zibethicus), monkey, grey-sided Vole
(Clethrionomys rufocanus), red fox (Vulpes vulpes), sibling

vole (Microtus levis), Mongolian gerbil (Meriones
unguiculatus), narrow-headed vole (Microtus gregalis), lake
Baikal mountain vole (Alticola olchonensis), vervet monkey

(Chlorocebus pygerythrus)

Sequencing
Haplogroups (HG1, HG2,
HG3a, HG3b, HG3c, HG4)

Mito

Santoro
et al. (2024)

Austria, Belgium,
Croatia, Czech

Republic, Denmark,

Red fox (Vulpes vulpes), Japanese macaque (Macaca fuscata),
human (Homo sapiens), raccoon dog (Nyctereutes

procyonoides), Eurasian beaver (Castor fiber), mouse,
Sequencing Haplotype H1 to H43

cox
atp
n

e
a

1

1

1
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method(s)
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Haplotype/Profile

Gene/
Marker

Fragment
length of the
gene [bp]

Accession no.

516), cob (663 of
1,068), nad2 (882 of

882)

Sequencing Haplotype Hap_1 - Hap_21 nad1 nad1 (510 of 894) –

Sequencing Haplotype Hap1 - Hap27
cox1, cob,
nad2

cox1 (1,608 of
1,608), cob (1,068 of
1,068), nad2 (882 of

882)

see Table 1 Guo et al. (2024)

Sequencing

Asian/European
geographical clade (EM-XJ,
EM-JP, EM-NX), North
American clade (EM-AK)

Mitogenome mtDNA (13,738) OP628492–OP628495

Sequencing 4 Haplotypes cox1 cox1 (355 of 1,608)
PQ479227, PQ479228, PQ479229,

PQ479230

his table does not claim to be exhaustive of all papers ever written on the subject. The abbreviations for the genes/markers stand for: DNA =
ytochrome c oxidase subunit I; cob = gene name of Cytochrome b; atp6 = gene name of ATP synthase subunit 6; nad1 = gene name of NADH
ase subunit 5; rrnS = gene name of 12S ribosomal RNA (small subunit); mitogenome = complete mitochondrial DNA (mtDNA); ef1a = gene name
ame of nuclear calreticulin; th = gene name of nuclear thioredoxin peroxidase; ActII = Actin II (non-coding intron region); Hbx2 = Homeobox
ed spacers; ITS2 = second internal transcribed spacers; (CAC)5 = oligonucleotide probe; EmsB = tandem repeated multi-loci microsatellite; EmsJ,
ellite loci; bp = base pairs.

R
ach

e
l
e
t
al.

10
.3
3
8
9
/fp

ara.2
0
2
5
.172

16
9
0

Fro
n
tie

rs
in

P
arasito

lo
g
y

fro
n
tie

rsin
.o
rg

10
samples

Estonia, France,
Germany, Hungary,

Italy, Latvia, Lithuania,
Luxembourg, Norway
(Svalbard archipelago),

Poland, Slovakia,
Switzerland

common vole (Microtus arvalis), wolf (Canis lupus), muskrat
(Ondatra zibethicus), arctic fox (Vulpes lagopus), golden

jackal (Canis aureus), western gorilla (Gorilla gorilla), crab-
eating macaque (Macaca fascicularis), domestic dog (Canis
lupus familiaris), wild boar (Sus scrofa), domestic pig (Sus

scrofa domesticus), ring-tailed lemur (Lemur catta)

Wang et al.
(2024)

China
Narrow-headed vole (Microtus gregalis), Tien Shan vole
(Microtus ilaeus), northern mole vole (Ellobius talpinus)

Guo et al.
(2024)

China
Human (Homo sapiens), small rodent, domestic dog (Canis

lupus familiaris)

Guo et al.
(2025)

United States, Japan,
China

mouse models

Cafiero et al.
(2025)

Italy Wolf (Canis lupus), red fox (Vulpes, vulpes)

The information and designations of the haplotypes/genotypes/profiles correspond to those in the respective paper. T
Deoxyribonucleic Acid; RNA = Ribonucleic Acid; pAL 1 = the name of a recombinant plasmid; cox1 = gene name of C
dehydrogenase subunit 1; nad2 = gene name of NADH dehydrogenase subunit 2; nad5 = gene name of NADH dehydroge
of nuclear (gDNA) elongation factor-1 alpha; elp = gene name of nuclear ezrin-radixin-moesin-like protein; cal = gene
protein 2 (non-coding intron region); AgB/1 = nuclear antigen B subunit 1 (coding region); ITS1 = first internal transcri
EmsK, and NAK1 = single-locus microsatellites; U1 snRNA = U1 small nuclear RNA; EMms1, EMms2 = two microsa
n
n
b
t
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Given the current critical perspective on EmsB microsatellite

analysis, hypotheses derived from this method—such as the

mainland-island model proposed by Knapp et al. (2009)—require

confirmation through alternative genetic approaches. This is

particularly important because other studies employing

mitochondrial DNA markers have either documented an east-to-

west spread of haplotypes (Nakao et al., 2009) or have been unable

to determine a directional pattern definitively, discussing multiple

possible scenarios (Karamon et al., 2017). It is important to note,

however that the sample sizes studied by Nakao et al. (2009) and

Knapp et al. (2009) and the origin of the specimens were different,

thus, the conclusions on the circulation of the respective strains in

the study regions were not identical. Yet, integrating diverse genetic

methods is essential to elucidate the population dynamics and

dispersal routes of E. multilocularis robustly. Although good

results have already been achieved with a few mtDNA genes, it

may be preferable to analyse the entire mitogenome for the

investigation of genetic diversity as already done by some

investigators (Bohard et al., 2023; Lallemand et al., 2024; Guo

et al., 2025; Rachel et al., 2025). This approach has the advantage

that, once a good marker for the genetic diversity of E.

multilocularis has been identified, the data from older studies can

also be validated and may also be used to examine specific sections

of these sequences. Furthermore, a study by Guo et al. (2025)

analysed mitogenome sequences from a limited number of E.

multilocularis isolates and provided preliminary evidence

suggesting a potential correlation between mitogenome sequence-

based genotypes and the virulence of the respective strains in

laboratory mice. However, due to the small sample size, these

findings should be interpreted with caution and regarded

pre l iminary or as an in i t i a l ind i ca t ion warrant ing

further investigation.

Due to methodological differences outlined above, the genetic

diversity of E. multilocularis has been reported variably across

studies. Early investigations, which analysed only very short

mitochondrial DNA segments, estimated the genetic diversity of

the parasite to be quite low (Bowles et al., 1992; Bowles and

McManus, 1993a; Okamoto et al., 1995). By contrast, analyses of

the same limited DNA segments in E. granulosus revealed

substantially higher genetic diversity, erroneously leading to the

conclusion that diversity in E. multilocularis is low. Consequently,

the findings of earlier studies are of limited value (Bowles et al.,

1992; Bowles and McManus, 1993a).

The analysis of the complete mtDNA also shows a larger

number of Single Nucleotide Polymorphisms (SNPs), which led

to a larger number of haplotypes and thus indicates greater genetic

diversity, but also greater intraspecific variation (Bohard et al., 2023;

Lallemand et al., 2024; Guo et al., 2025). While an early study

(Nakao et al., 2009) showed that the E. multilocularis population

can be divided on a continental level (with clades for Europe, Asia,

and North America), the latest investigations (Bohard et al., 2023;

Lallemand et al., 2024; Guo et al., 2025) demonstrate that it is

possible to identify regions with specific haplotypes. Bohard et al.

(2023) identified 13 different haplotypes in human samples from

France. Lallemand et al. (2024) analysed samples from France, Asia,
Frontiers in Parasitology 11
North America and the Arctic. They detected 58 haplotypes, which

were grouped into four haplogroups (with three micro-

haplogroups). These groups could be assigned to specific regions.

Haplogroup HG1 was identified in Alaska, St. Lawrence Island,

Yakutia (Russia) and Svalbard (Norway), while HG2 occurred in

Asia, North America and Europe. Haplogroup HG3 could be

further divided into three micro-haplogroups (HG3a: North

America, Europe; HG3b and HG3c: Europe). A fourth

haplogroup, HG4, comprised only one isolate from Olkhon Island

(Russia). Guo et al. (2025), examined the samples for intraspecific

variation and found that the strain from Alaska (EM-AK) produced

more protoscolices than the other strains tested and that the EM-

AK strain triggered a stronger inflammatory response and liver

fibrosis in laboratory mice than the other three strains. This EM-AK

strain belongs to the North American clade. The data from the

studies, where the complete mitogenome sequences were applied,

have shown that the diversity is higher than was assumed a few

years ago. If the complete gDNA (created by WGS) is be used in the

future, it will probably be possible to increase the knowledge on the

genetic diversity within the species E. multilocularis even further

and it may ultimately become possible to obtain a more detailed

resolution of genetic diversity at the local level.
Genotyping methods

When research into the genetic diversity of E. multilocularis

began, DNA cloning techniques were used (Vogel et al., 1990). This

was followed by analysis using various markers (Table 1). Over

time, two techniques proved to be suitable and were widely used.

These were the examination of mitochondrial markers (fragments

of genes, whole genes or the complete mitogenome) by means of

sequencing (e.g. Sanger sequencing, NGS) and EmsB microsatellite

studied by fragment size analysis.

The EmsB microsatellite marker of E. multilocularis is located

on chromosome 5 in the genome (gDNA) of the parasite. It is

present in 40 copies, which are arranged in tandem and have a (CA)

n(GA)m pattern (Bart et al., 2006; Valot et al., 2015). The described

advantages of the EmsB method are its high discriminatory power,

its applicability to different sample types, and its straightforward

workflow (Valot et al., 2015; Knapp et al., 2020; Sacheli et al., 2023).

The discussed disadvantages are that special equipment is required,

interpretation of the results is not easy, the genetic diversity of E.

multilocularis is underestimated because only a small part of the

gDNA is used, and comparability can be difficult, which is at least

partially due to the method applied for normalisation and

evaluation of raw microsatellite data (Bart et al., 2006; Valot

et al., 2015; Knapp et al., 2020).

For reasons of practicality, robustness and cost-effectiveness,

some research groups investigating the genetic diversity of E.

multilocularis tend to employ sequencing techniques—particularly

Next-Generation Sequencing (NGS)—and Single Nucleotide

Polymorphism (SNP) analysis (Bohard et al., 2023; Lallemand

et al., 2024; Mohammadi and Harandi, 2024; Rachel et al., 2025).

Different NGS systems have unique characteristics, each with
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specific advantages and disadvantages (Pedroza Matute and Iyavoo,

2025). Some advantages of these methods are their high

discriminatory power, the ability to examine additional loci, while

maintaining short amplicon sizes, and, in combination with SNP

analysis (low mutation rate), NGS is able to perform more stable

ancestry tracking and has a high multiplex capacity (Pedroza

Matute and Iyavoo, 2025). Furthermore, more markers can be

found and analysed per run (Davey et al., 2011). Due to the fact

that the entire genetic sequence is analysed, a more complete

genetic picture can be created by recording SNPs, INDELs, etc

(Satam et al., 2023, 2024). Disadvantages of NGS can include high

costs (although these have fallen significantly in recent years), high

complexity of the sequencing devices and the need for expertise in

bioinformatics to evaluate the data (Pedroza Matute and Iyavoo,

2025). Furthermore, huge amounts of data require a lot of storage

space, usually in the form of servers (Bagger et al., 2024). A further

potential limitation of NGS methods lies in the high costs for

equipment, which may restrict their use to a limited number of

laboratories. However, NGS analysis can nowadays be outsourced

to external service laboratories and recent advances for example in

nanopore technology (e.g. by Oxford Nanopore Technologies) have

introduced affordable devices that promote broader accessibility to

NGS technology. Yet, last but not least, the amount and quality of

the DNA must be sufficient to perform NGS and obtain valuable

results (McNulty et al., 2020).

While NGS methods can be costly and require a great deal of IT

knowledge for evaluation (e.g. administration of IT infrastructure,

development of required bioinformatic pipelines, and management

of these via respective workflows), they are well suited to analyse
Frontiers in Parasitology 12
genetic diversity, as they allow the complete parasite genome to be

sequenced, which can increase the detection of variable sites.

Furthermore, read data from full-length gene sequences—in

comparison with gene fragments—permit more robust

harmonisation and cross-study evaluation, thus facilitating

integrated analysis of genetic polymorphisms and population

diversity in E. multilocularis. Furthermore, by analysing SNPs,

they could potentially identify strains that are particularly virulent

in some species (Guo et al., 2025), which may be relevant for the

treatment and prognosis of patients with alveolar echinococcosis

(AE) if applicable to humans.
Epidemiological impact of genetic
diversity

Single Nucleotide Polymorphisms (SNPs) may alter protein

structure, thereby affecting binding capacity, transmission

dynamics, parasite density within the host, and the virulence of E.

multilocularis (Wen et al., 2019). Genetic polymorphisms usually

occurs due to evolutionary pressure as a result of a change in the

system (new host, altered environmental conditions due to, for

example, the host migrating to another region) (Kim and Shaw,

2021). This can have implications for the host. For example, a

different haplotype seems to have a different virulence, or even the

morphology of the parasite may be slightly different (Guo et al.,

2025). Such changes could, for example, result in altered drug

efficacy or modified metabolic processing by the parasite,

potentially impacting treatment outcomes and consequently
frontiersin.or
FIGURE 2

World map showing the countries (in green) in the northern hemisphere that were examined in the papers included in this minireview (created with
mapchart.net).
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affecting the survival probability of patients with alveolar

echinococcosis (AE). Furthermore, intraspecific ‘specialisation’ of

certain haplotypes for certain hosts may occur. In North America,

certain haplotypes were found that prefer coyotes as hosts, as well as

haplotypes that are particularly virulent (Nakao et al., 2009; Alvarez

Rojas et al., 2020; Guo et al., 2025). This results in different

distribution patterns of E. multilocularis in different host

populations. These genetic differences may thus be important for

the surveillance of E. multilocularis, as they could be used to identify

and control sources of infection and hotspots in the environment.
Future research and challenges

Despite many years of research, our knowledge of the genetic

diversity of E. multilocularis is still limited. However, new methods

and improved sequencing techniques (e.g. further development of

3rd generation long read NGS platform technology) may make this

research more efficient and less costly in the future (Santa et al.,

2021; Satam et al., 2023; Espinosa et al., 2024; Satam et al., 2024;

Rachel et al., 2025). The adoption of a standardised nomenclature

for SNPs—such as that established for the human genome (Hart

et al., 2024; Phan et al., 2025)—would be desirable to facilitate more

effective, harmonised comparison and rapid evaluation of genotype

and haplotype data for E. multilocularis in future studies. It would

also be beneficial if more working groups aimed to obtain complete

mitogenome sequences from their samples. This could make it

possible to combine data obtained with newly discovered marker

regions and information established with older sequence data and

to analyse them together. The use of complete gDNA may also be a

future goal to expand genetic diversity. This would make it possible

to identify potential chains of infection at the local level and take

measures to reduce the number of E. multilocularis infections,

especially in endemic areas, thereby protecting humans

and animals.
Conclusion

It was only in the last two years, that research methods have

matured to the point where good data could be collected for the

evaluation of genetic diversity of E. multilocularis, thanks to the use

of NGS and the examination of the mitogenome using SNPs.

Furthermore, older findings have also been confirmed in the new

studies, such as the discovery that there are three clades of E.

multilocularis (Europe, Asia, North America) (Nakao et al., 2009;

Spotin et al., 2018; Šnábel et al., 2020; Guo et al., 2025). The

virulence of individual strains to particular host species has also

been determined (Guo et al., 2025). It seems now important to

improve cooperation within the E. multilocularis research

community, to establish a uniform nomenclature for the naming
Frontiers in Parasitology 13
of haplotypes/genotypes and SNPs and to harmonise the

bioinformatic analysis of E. multilocularis genome sequences so

that studying the genetic diversity of this parasite can be

further improved.
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