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SUMMARY

Animal movement across regions owing to human activity can lead to the introduction of pathogens,
resulting in disease epidemics with medical and socioeconomic significance. Here, we validated the hy-
pothesis that human activity, such as the transportation of infected animals, has played a significant role
in introducing the zoonotic parasite Echinococcus multilocularis into Hokkaido, Japan, by synthesizing
and evaluating parasite genetic data in light of historical records. Our analysis indicates that a major
genetic group in Hokkaido originated from St. Lawrence Island, USA, which is in accordance with the
route suggested by historical descriptions. Moreover, we identified a minor genetic group closely
related to parasites found in Sichuan, China. This fact implies that parasite invasion in Japan may result
from complex and inadvertent animal translocations. These findings emphasize the anthropogenic
impacts on zoonotic parasite spread and provide a crucial perspective for preventing future potential
epidemics.

INTRODUCTION

Animal movement, whether anthropogenic or natural, heavily influences the spread of pathogens.' Translocation of infected animals into
non-endemic regions can cause medical and socioeconomic burdens.”” One example of such a pathogen is the small fox tapeworm Echi-
nococcus multilocularis, which is distributed within a wide range of the northern hemisphere. The life cycle of E. multilocularis includes car-
nivores as definitive hosts and small rodents as intermediate hosts.” Humans serve as dead-end hosts and are infected with a severe zoonotic
disease, alveolar echinococcosis (AE), following oral ingestion of the parasite’s eggs, which are excreted in the feces of definitive hosts.” Pet
travel, international trade, and host animal migration are considered to have contributed to global increases in parasite distribution, raising
public health concerns.

Hokkaido, the northernmost prefecture of Japan, is an endemic area for AE.” Red foxes, Vulpes vulpes, are the primary definitive hosts,
and gray red-backed voles, Myodes rufocanus bedfordiae, are the most important intermediate hosts in this region.” Two epidemics were
recorded in the area, which was previously free of E. multilocularis.® The first epidemic occurred on Rebun Island, located off the northwest
coast of the main island of Hokkaido, and was presumably triggered by the introduction of E. multilocularis-infected foxes from the Kurile
Islands during 1924-1926.° This epidemic was identified due to the discovery of an AE patient from Rebun Island in 1937 and finally re-
sulted in over 100 infected patients on the small island. However, the parasite appeared to have been mostly eliminated by the late
1950s, presumably due to the earlier eradication of definitive hosts on the island.” In 1965, the second epidemic occurred in Eastern Hok-
kaido, near the western end of the Kurile Islands, and was not controlled, resulting in the spread of the parasite throughout the Hokkaido
main island. The current prevalence of E. multilocularis in red foxes in Hokkaido is as high as 30%-40%, and approximately 20 human AE
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Figure 1. Map showing Hokkaido, Japan, and other islands relevant to this study
The possible introduction routes of Echinococcus multilocularis are indicated by black arrows with estimated year of the movements according to the literature.
The inset illustrates the area enclosed by the red square.

cases are identified annually.” This equates to an incidence rate of around 0.42 per 100,000 inhabitants per year (between the years of 2010
and 2020).

Several lines of evidence indicate that human-mediated translocation of infected animals has played a significant role in the
E. multilocularis invasions into Hokkaido. The most probable transmission routes described in previous studies'”"'? are summarized in Fig-
ure 1. Briefly, infected voles were transferred from St. Lawrence Island, located in the Bering Strait, to Bering Island off the Kamchatka Penin-
sula in the late 19th century for fox feeding.'""® This introduction resulted in a prevalence of E. multilocularis in intermediate hosts, Myodes
rutilus, as high as approximately 50% on the island.'* In 1916-1917, 15 pairs of blue foxes, Vulpes lagopus, from Bering Island were introduced
to the Middle Kurile Islands for the fox fur industry,'” followed by translocation of the infected foxes to other Kurile Islands. The foxes from the
Kurile Islands are considered a parasite source on Rebun Island and Hokkaido main island. Although these routes have been inferred from
some descriptions of human activities and epidemiological records, minimal data have been obtained to directly support this inference from a
genetic p(—:-rspective.“"W

Genetic information on endemic areas can provide a better understanding of disease dynamics. Previous genetic analyses have success-
fully shed light on the transmission dynamics of pathogens, including the origins and diffusion routes associated with human activity.'®*" A
proper understanding of such past dynamics can help predict future diffusion and thus contribute to strategies for preventing further epi-
demics. Additionally, genetic characterization is also beneficial for assessing public health risks as parasites with distinct genetic backgrounds
may vary in their zoonotic potential and severity.”***

Here, we performed genetic analyses with complete mitochondrial genomes (mitogenomes) from 66 parasite specimens, consisting of
60 from Hokkaido main island, 5 from St. Lawrence Island in the USA, and 1 from Europe. The obtained data were further compared with
those previously recorded in other endemic areas. The analyses provided genetic evidence that the parasite population in Hokkaido
has two distinct ancestral locations of more than 3,000 km across the ocean, which indicates anthropogenic impacts on its diffusion

process.

RESULTS

Mitogenome construction

We analyzed 72 mitogenome sequences of E. multilocularis, including 66 from Hokkaido, 5 from St. Lawrence Island, and 1 from Europe. Dur-
ing the analysis, six of the Hokkaido mitogenome sequences (Sample IDs of HU_Em_018, 030, 031, 041, 044, and 049) were found to have
nucleotide deletions of one to five bases in their coding sequences (CDSs) (Table 1), resulting in internal stop codons, and were excluded
from subsequent molecular analysis. These deletions were confirmed through PCR and Sanger sequencing. As a result, we obtained a total
of 66 complete mitogenomes, 60 from Hokkaido, 5 from St. Lawrence Island, and 1 from Europe (Table 1). These mitogenomes had a size
range of 13,738-13,740 bp (Table 1) and consisted of 12 CDSs, 22 tRNA genes, and 2 ribosomal RNA genes, all of which were perfectly pre-
served. The accession numbers of the complete mitogenomes are listed in Table 1.
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Table 1. Geographic origins and haplotypes of the Echinococcus multilocularis parasites in this study

Accession Sequence  Collection Collection CYTB/ND2/COI
Sample ID  number length (bp) city/site Sub-prefecture  year Mitogenome haplotype  haplotype
HU_Em_001 LC720726 13,738 Nemuro Nemuro 2019 MtG_typeAl A4
HU_Em_002 LC720727 13,738 Nemuro Nemuro 2019 MtG_typeA7 Ad
HU_Em_003 LC720728 13,738 Nemuro Nemuro 2019 MtG_typeAl A4
HU_Em_004 LC720729 13,738 Nemuro Nemuro 2019 MtG_typeA2 A27
HU_Em_005 LC720730 13,738 Nemuro Nemuro 2020 MtG_typeAl A4
HU_Em_006 LC720731 13,738 Nemuro Nemuro 2020 MtG_typeAl A4
HU_Em_007 LC720732 13,738 Nemuro Nemuro 2020 MtG_typeA2 A27
HU_Em_008 LC720733 13,738 Nemuro Nemuro 2020 MtG_typeAS Ad
HU_Em_009 LC720734 13,738 Nemuro Nemuro 2020 MtG_typeAl Ad
HU_Em_010 LC720735 13,738 Abashiri Okhotsk 2020 MtG_typeAl A4
HU_Em_011 LC720736 13,738 Abashiri Okhotsk 2020 MtG_typeAl A4
HU_Em_012 LC720737 13,738 Kiyosato Okhotsk 2019 MtG_typeAl A4
HU_Em_013 LC720738 13,738 Ozora Okhotsk 2020 MtG_typeAl A4
HU_Em_014 LC720739 13,738 Shari Okhotsk 2019 MtG_typeAl A4
HU_Em_015 LC720740 13,738 Shari Okhotsk 2019 MtG_typeAl Al
HU_Em_016 LC720741 13,738 Shari Okhotsk 2019 MtG_typeAl A4
HU_Em_017 LC720742 13,738 Koshimizu Okhotsk 2020 MtG_typeAl Al
HU_Em_018 13,738 lwamizawa Sorachi 2019 Nucleotide deletion on ND3
HU_Em_019 LC720743 13,738 lwamizawa Sorachi 2020 MtG_typeAl Ad
HU_Em_020 LC720744 13,738 lwamizawa Sorachi 2020 MtG_typeAl Ad
HU_Em_021 LC720745 13,738 Tsukigata Sorachi 2020 MtG_typeAl Ad
HU_Em_022 LC720746 13,738 Tsukigata Sorachi 2020 MtG_typeA9 Ad
HU_Em_023 LC720747 13,738 Kushiro Kushiro 2019 MtG_typeAl Al
HU_Em_024 LC720748 13,738 Kushiro Kushiro 2019 MtG_typeA3 A27
HU_Em_025 LC720749 13,738 Akkeshi Kushiro 2019 MtG_typeA2 A27
HU_Em_026 LC720750 13,738 Hamanaka Kushiro 2020 MtG_typeAS Ad
HU_Em_027 LC720751 13,738 Hamanaka Kushiro 2020 MtG_typeAl Ad
HU_Em_028 LC720752 13,738 Asahikawa Kamikawa 2019 MtG_typeAl Ad
HU_Em_029 LC720753 13,738 Asahikawa Kamikawa 2019 MtG_typeAl Ad
HU_Em_030 13,738 Asahikawa Kamikawa 2019 Nucleotide deletion on ND1
HU_Em_031 13,738 Eniwa Ishikari 2020 Nucleotide deletion on ND3
HU_Em_032 LC720754 13,738 Eniwa Ishikari 2020 MtG_typeAl A4
HU_Em_033 LC720755 13,738 Eniwa Ishikari 2020 MtG_typeAl Ad
HU_Em_034 LC720756 13,738 Bekkai Nemuro 2020 MtG_typeAl A4
HU_Em_035 LC720757 13,738 Bekkai Nemuro 2020 MtG_typeAl A4
HU_Em_036 LC720758 13,738 Bekkai Nemuro 2020 MtG_typeA2 A27
HU_Em_037 LC720759 13,738 Bekkai Nemuro 2020 MtG_typeA2 A27
HU_Em_038 LC720760 13,738 Esashi Soya 2020 MtG_typeAl12 A4
HU_Em_039 LC720761 13,738 Esashi Soya 2020 MtG_typeAl12 A4
HU_Em_040 LC720762 13,738 Tohma Kamikawa 2019 MtG_typeAl A4
HU_Em_041 13,738 Higashikagura Kamikawa 2020 Nucleotide deletion on ND3
HU_Em_042 LC720763 13,738 Wakkanai Soya 2020 MtG_typeAl1 A30
HU_Em_043 LC720764 13,738 Wakkanai Soya 2019 MtG_typeAl Al
HU_Em_044 13,738 Muroran Iburi 2019 Nucleotide deletion on ND3

(Continued on next page)
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Table 1. Continued

Accession Sequence  Collection Collection CYTB/ND2/COI
Sample ID  number length (bp) city/site Sub-prefecture  year Mitogenome haplotype  haplotype
HU_Em_045 LC720765 13,738 Muroran lburi 2019 MtG_typeAl Al
HU_Em_046 LC720766 13,738 Embetsu Rumoi 2020 MtG_typeA1l Al
HU_Em_047 LC720767 13,738 Teshio Rumoi 2020 MtG_typeA12 Al
HU_Em_048 LC720768 13,738 Shinhidaka Hidaka 2020 MtG_typeA13 A4
HU_Em_049 13,738 Hidaka Hidaka 2019 Nucleotide deletion on COI
HU_Em_050 LC720769 13,738 Sunagawa Sorachi 2020 MtG_typeAl A4
HU_Em_052 LC720770 13,738 Teshikaga Kushiro 2020 MtG_typeA2 A27
HU_Em_053 LC720771 13,738 Shiraoi lburi 2020 MtG_typeAl A4
HU_Em_054 LC720772 13,738 Samani Hidaka 2019 MtG_typeAd A28
HU_Em_055 LC720773 13,738 Yakumo Oshima 2020 MtG_typeA10 Ad
HU_Em_056 LC720774 13,738 Nakasatsunai Tokachi 2020 MtG_typeA1l Ad
HU_Em_057 LC720775 13,738 Ebetsu Ishikari 2020 MtG_typeAl A4
HU_Em_058 LC720776 13,738 Kamifurano Kamikawa 2020 MtG_typeA8 A4
HU_Em_059 LC720777 13,738 Setana Hiyama 2019 MtG_typeAl A4
HU_Em_060 LC720778 13,738 Hokuto Oshima 2019 MtG_typeAé A29
HU_Em_061 LC720779 13,738 Nemuro Nemuro 1987 MtG_typeAl A4
HU_Em_062 LC720780 13,738 Koshimizu Okhotsk 1980s MtG_typeAl14 A31
HU_Em_063 LC720781 13,738 Tobetsu Ishikari 1980s MtG_typeA15 A3
HU_Em_064 LC720782 13,738 Tobetsu Ishikari 2014 MtG_typeAl1é A4
HU_Em_065 LC720783 13,738 Kamiiso Oshima 1980s MtG_typeA1l A4
HU_Em_066 LC720784 13,738 Kitami Okhotsk 1980s MtG_typeAl A4
HU_Em_067 LC720785 13,737 Yakumo Oshima 1980s MtG_typeAl Al
HU_Em_068 LC720786 13,738 St. Lawrence Island 1989 MtG_typeAl Ad
HU_Em_069 LC720787 13,739 St. Lawrence Island 1989 MtG_typeN1 N1
HU_Em_071 LC720788 13,738 St. Lawrence Island 1989 MtG_typeAl17 A2
HU_Em_073 LC720789 13,740 St. Lawrence Island 1989 MtG_typeN2 N1
HU_Em_074 LC720790 13,738 St. Lawrence Island 1951 MtG_typeA12 A4
HU_Em_075 LC720791 13,738 Europe 1989 MtG_typeE1 E1

Characterization of mitogenome haplotypes in Hokkaido

The 60 E. multilocularis parasites from Hokkaido were classified into 16 haplotypes based on the CDSs of their mitogenome, with a haplotype
diversity of 0.613 and nucleotide diversity of 0.00046. The reference sequence (AB018440) previously reported in Hokkaido™ did not match
any of the 16 haplotypes. We designated these 16 mitogenome haplotypes as MtG_typeAl to MtG_typeA16 (Asian haplotypes) following the
analysis of partial sequences of selected genes, as explained below. The most common haplotype, the MtG_typeA1, was found in 61.7% (37
out of 60) of the parasites collected from 13 sub-prefectures in Hokkaido (Table 1; Figure 2). Our analysis showed that NADH dehydrogenase
subunit (ND) 4, ND2, and ND3 had the highest number of parsimony-informative sites and that cytochrome b (CYTB) and ND4 had the highest
haplotype diversity (Tables 2 and S1). The number of haplotypes distinguished by one mitochondrial CDS ranged from one to five.

Mitogenome haplotypes of samples from St. Lawrence Island and Europe

We obtained five haplotypes from St. Lawrence Island based on mitochondrial 12 CDSs (Table 1). Two of these haplotypes (MtG_typeA1l and
MtG_typeA12) were identical to those detected in Hokkaido (Table 1). The remaining three haplotypes were designated MtG_typeA17 and
MtG_typeN1-N2 (North American haplotypes) (Table 1). The single haplotype from Europe was named MtG_typeE1 (European haplotype).

Haplotypes based on CYTB/ND2/COI sequences

We generated concatenated sequences of three complete mitochondrial genes (CYTB, ND2, and cytochrome c oxidase subunit | [COI]) from
each mitogenome for comparative analysis with previous studies.””° Seven haplotypes were identified in Hokkaido based on these concat-
enated sequences. The haplotype A4, previously reported in Hokkaido,” was assigned to 48 parasites, corresponding to 80% of the total
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Figure 2. Geographical mapping of detected mitogenome haplotypes of Echinococcus multilocularis in Hokkaido
The numbers of examined parasite specimens and frequency of each haplotype on 13 sub-prefectures in Hokkaido are shown with parentheses and pie charts,
respectively. The colors of each pie chart correspond to the haplotypes listed on the right.

number of the parasites. This haplotype was found in all sub-prefectures surveyed (Figure S1). The remaining haplotypes in Hokkaido were
assigned new IDs of A27-A31, following the study by Nakao et al.*° for Asian isolates (Table 1). The haplotypes found on St. Lawrence Island

and Europe had identical sequences to previously reported haplotypes A2 and N1, and E1, respectively (Table 1).7>°

Genetic analysis on mitogenome haplotypes

The median-joining network analysis of the mitogenome haplotypes recovered three distinct clades of E. multilocularis: the Asian, North
American, and European clades (Figure 3A). MtG_typeA1 and the other 13 haplotypes (MtG_typeA4-MtG_typeA16), with one or two nucle-
otide mismatches from MtG_typeAl, constituted a star-like shape, which represented a major haplogroup in Hokkaido. In contrast,
MtG_typeA2 and MtG_typeA3 formed a minor group with 19 or 20 nucleotide mismatches from MtG_typeAl, indicating that
E. multilocularis in Hokkaido could be divided into two distinct haplogroups (Figure 3A). All seven parasites obtained from Hokkaido from
the 1980s to 2014 were MtG_typeA1 or its satellite haplotypes (Table 1). The minor group was detected only in the eastern Hokkaido, Nemuro,
and Kushiro sub-prefectures (Figure 2).

Genetic analysis of CYTB/ND2/COI

The network analysis based on CYTB/ND2/COI haplotypes showed a genetic structure similar to that of mitogenome haplotypes, that is, two
distinct haplogroups in Hokkaido. The major haplogroup included a haplotype from St. Lawrence Island (A4), whereas the minor haplogroup,
detected only in the eastern part of Hokkaido, was clustered with haplotypes found in Sichuan, China (Figure 3B). The haplotypes neighboring
A4 (A3, A28-A31) were unique samples collected in Hokkaido. The pairwise fixation index (Fst) values between Hokkaido and other endemic
regions were high and significantly different among all combinations (Table 3), indicating a high degree of genetic differentiation in
E. multilocularis population in Hokkaido.

To investigate the diffusion process of E. multilocularis, we reconstructed the genealogy of three mitochondrial CDSs, including 64 hap-
lotypes from 17 countries/regions. The generated Maximum clade credibility (MCC) tree showed that haplotypes in Hokkaido (A3-A4, A27-
A31) fell into two clades, which is consistent with the results of the haplotype network. The major haplogroup was inferred to have originated
from St. Lawrence Island, while the minor haplogroup was inferred to have originated from Sichuan (Figure 4A), with probabilities over 0.9
supporting these inferences. The Bayesian stochastic search variable selection (BSSVS) analysis identified a total of 19 diffusion routes of
E. multilocularis, with four having a Bayes factor (BF) > 100, including two unidirectional routes to Hokkaido (Figure 4B; Table S2).

DISCUSSION

The dearth of research on the population genetics of E. multilocularis in Hokkaido has been a major obstacle to estimating the introduc-
tion process of this invasive parasite, in which anthropogenic activities are believed to be significantly involved. Understanding past events
can provide precepts to prevent further diffusion and emergences of AE which are likely to occur in the context of global animal trans-
location. In this study, we synthesized complete mitogenomic data of E. multilocularis parasites to shed light on the human impacts on
its diffusion.

Few studies have investigated the genetic characteristics of E. multilocularis in Hokkaido. One study by Okamoto et al. used a 391 bp frag-
ment of COl sequences and detected no sequence variation in parasites from China, Hokkaido, and Alaska.'® Another study by Nakao et al.
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Table 2. Comparison of mitochondrial gene variation from 61 Echinococcus multilocularis parasites

GC Parsimony-

Gene Nucleotide Number of content Polymorphic informative  Haplotype Nucleotide

name Gene product length haplotypes (%) sites (%) sites (%)* diversity £S.D.* diversity +S.D.

ND3 NADH dehydrogenase 1575 4 30.1 0.38 (6/1575) 0.25 (4/1575) 0.264 + 0.069 0.00057 + 0.00016
subunit 5

COIll  Cytochrome c oxidase 648 3 33.0 0.31 (2/648) 0.15 (1/648) 0.236 + 0.066 0.00037 + 0.00011
subunit Il

CYTB  Cytochrome b 1068 5 31.9 0.37 (4/1068) 0.19 (2/1068) 0.319 + 0.073 0.00032 + 0.00008

ND4L NADH dehydrogenase 261 1 28.4 0.00 (0/261) 0(0/261) 0.000 0.000
subunit 4L

ND4 NADH dehydrogenase 1215 5 31.3 0.41 (5/1215) 0.32(4/1215) 0.370 + 0.075 0.0005 + 0.00011
subunit 4

ATP6  ATP synthase subunité 516 4 30.3 0.58 (3/516) 0.19 (1/516) 0.264 £+ 0.069 0.00053 + 0.00014

ND2 NADH dehydrogenase 882 2 29.1 0.57 (5/882) 0.57 (5/882) 0.207 + 0.063 0.00117 + 0.00036
subunit 2

ND1 NADH dehydrogenase 894 2 31.3 0.11 (1/894) 0.11 (1/894) 0.207 + 0.063 0.00023 + 0.00007
subunit 1

ND3 NADH dehydrogenase 348 3 27.9 1.15 (4/348) 0.86 (3/348) 0.236 + 0.066 0.00187 + 0.00055
subunit 3

COl Cytochrome c oxidase 1608 4 32.3 0.19 (3/1608) 0.06 (1/1608) 0.264 + 0.069 0.00017 £ 0.00005
subunit |

16S 16S ribosomal RNA 983 2 31.6 0.20 (2/983) 0.20 (2/983) 0.207 + 0.063 0.00042 + 0.00013

rDNA

128 12S ribosomal RNA 704 3 31.8 0.28 (2/704) 0.14 (1/704) 0.236 £ 0.066 0.00034 + 0.00010

rDNA

coll Cytochrome c oxidase 582 4 34.9 0.52 (3/582) 0 (0/582) 0.097 + 0.052 0.00017 + 0.00009
subunit Il

NDé NADH dehydrogenase 456 1 30.9 0.00 (0/456) 0 (0/456) 0.000 0.000
subunit 6

3 protein-coding sequences 3558 7 311 0.34 (12/3558) 0.22 (8/3558) 0.372 + 0.075 0.00046 + 0.00012

(CYTB/ND2/COl)

12 protein-coding sequences 10053 17 311 0.36 (36/10053) 0.22 (22/10053) 0.626 + 0.071 0.00046 + 0.00012

*The three genes showing the highest value are shown in bold.
The analysis includes the reference sequence (AB018440) previously reported in Hokkaido

employed only six parasites to analyze CYTB/ND2/COI concatenated sequences, five of which were adult worms recovered from a single fox
and probably derived from one cyst.”® These short sequence lengths and small sample sizes added ambiguity to the origin(s) of
E. multilocularis population in Hokkaido. The current study analyzed mitogenomes from 66 parasites and found two haplotypes
(MtG_typeAl and MtG_typeA12) in both Hokkaido and St. Lawrence Island. Furthermore, we found that MtG_typeAl was the dominant
haplotype, comprising over 60% of the Hokkaido population, with a typical star-like-shaped haplotype network. This shape is typically
observed when populations expand following introduction into new areas.”’ " These genetic structures, together with the link of decisive
support (Figure 4), strongly suggest that St. Lawrence Island, located more than 3,000 km across the ocean, is one of the origins of
E. multilocularis in Hokkaido, which supports the transmission routes indicated in previous studies (Figure 1)."%"?

A striking feature of our study was that the parasite population in Hokkaido was divided into two haplogroups: MtG_typeA1l and
MtG_typeA2 (Figure 3). The former includes haplotypes from St. Lawrence Island, whereas the latter is closely related to haplogroups
from Sichuan, China (Figures 3B and 4A). Our analysis using BSSVS also strongly supported the two separated introduction routes to Hokkaido
(Figure 4B). These results suggest that the parasite population in Hokkaido may have multiple origins. Indeed, it was documented that foxes
were introduced into Kurile Islands for breeding from Canada and Sakhalin,*® which have endemic areas.”**¢ Regarding intermediate hosts,
previous reports have pointed out the possible transfer of voles on Bering Island from Kamchatka.'**” Moreover, lemmings, which can serve as
intermediate hosts,***’ were reportedly brought into the Kurile Islands from overseas to provide fox feed, although the species and origin(s)
have not been documented.”” While the accurate distribution of the MtG_TypeA2 (A27) haplogroup in the Northern Hemisphere remains
unknown, these complex and inadvertent animal translocation events may explain the current genetic diversity of E. multilocularis in Hokkaido.
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Figure 3. Visualization of mitochondrial haplotype networks of Echinococcus multilocularis using multiple protein-coding sequences

Median-joining haplotype networks were constructed from mitochondrial (A) 12 protein-coding sequences (CDSs) and (B) three CDSs (CYTB/ND2/CQOI) of
E. multilocularis. The circles represent mitochondrial DNA haplotypes. The color and size of each circle correspond to the sub-prefecture/location where the
haplotype was detected and the haplotype number. For the haplotype network of three CDSs, concatenated sequences of haplotypes from Europe (E1-E5,
EmPL1-EmPL15, Est1, and Est2), Asia (A1-A25), North America (N1-N2, EAB, ESK, ECA, and E4), and Inner Mongolia (O1) were included.

In the present study, we analyzed seven samples collected previously in Hokkaido (1980s-2014, Table 1) and demonstrated that they all
belonged to the MtG_typeA1l haplogroup, which is specifically widely distributed throughout Hokkaido among samples collected in 2019~
2020. Conversely, the MtG_typeA2 haplogroup comprised only samples obtained in 2019-2020 with a limited geographic distribution in the
eastern part of Hokkaido, where the first human AE case was found. Although the absence of MtG_typeA2 haplogroup in 1980s-2014 might
be attributed to the sample scarcity, these findings imply that multiple invasions of E. multilocularis have occurred in eastern Hokkaido. The
parasite invasion into Rebun Island was most likely caused by anthropogenic introduction of infected foxes.'*" However, the invasion route(s)
into Hokkaido remain unclear as there has been no formal communication between the Hokkaido main island and the Kurile Islands for a long
time.'” One possibility is that infected foxes naturally migrated to the area on drifting sea ice. From late February to early March, sea ice from
the Okhotsk Sea drifts into the Nemuro Strait and the Goyoumai pass and sometimes covers these straits (Figure 1).“%"® The red fox
(V. vulpes), the main definitive host in Hokkaido, has been observed to migrate on sea ice in other oceans in the Northern Hemisphere,
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Table 3. Pairwise fixation index (Fst) among Echinococcus multilocularis subpopulations calculated using three mitochondrial genes

1 2 3 4 5 6 7 8 9
1. Hokkaido, Japan
2. St. Lawrence Island 0.833*
3. France 0.914* 0.762*
4. Slovakia 0.924* 0.781* 0.870*
5. Kazakhstan 0.597* 0.611* 0.948* 0.992*
6. Kyrgyzstan 0.626* 0.843* 0.918* 0.928* —0.0463
7. Sichuan, China 0.763* 0.779* 0.950* 0.969* 0.800* 0.700*
8. Indiana, USA 0.949* 0.713* 0.979* 1.00* 0.992* 0.954* 0.978*
9. Poland 0.836* 0.805* 0.263* 0.475* 0.764* 0.827* 0.805* 0.885*
10. Canada 0.952* 0.932* 0.776* 0.944* 0.982* 0.951* 0.977* 0.992* 0.535*

Significant values (p < 0.05) are indicated by an asterisk.

such as the Beaufort Sea and Labrador Sea.”**> Hasegawa reported a live fox on drifting ice in straits.'” Based on these observations, it can be
speculated that E. multilocularis was brought into Hokkaido by spontaneous or accidental migration of foxes from the adjacent Kurile Islands.
Indeed, the neighboring Kunashiri Island has a high prevalence of this parasite.'” Comparing the genetic compositions of V. vulpes popula-
tions in Hokkaido main island and Kurile Islands may further support this hypothesis. In fact, previous studies have successfully used genetic
data to gain insights into introduction/migration events of foxes across the sea.”**’

A previous survey estimated the annual translocation of up to 30 infected dogs from Hokkaido to Honshu Island.*® This was in line with
the study by Morishima et al., which found that some infected dogs were transported from Hokkaido.”” These reports imply that current
inadvertent animal translocation can facilitate the further diffusion of the parasite and AE emergences. In fact, dogs infected with
E. multilocularis have been reported in two prefectures of non-endemic areas on Honshu Island, Japan (see Figure 1).°>°" Microtus mon-
tebelli, a potential intermediate host, and a subspecies of the red fox, Vulpes vulpes japonica, are present in Honshu, implying that further
epidemics are likely to occur in the future. Despite these risks, Japan has no regulations or quarantines on animal transportation. Similarly,
Europe and North America, which have regions at risk of E. multilocularis invasions, have either no or insufficient controls, although infected
pets have been reported.”’**>* Applying pet mobility restrictions and appropriate veterinary controls, including diagnosis and deworming,
is necessary to prevent further diffusion of the parasite.

Bayesian phylogeographic analysis is an effective tool for reconstructing past diffusion routes using current genetic information. A pre-
vious attempt using this approach succeeded in identifying the global diffusion routes and origin of the closely related parasite Echino-
coccus granulosus.'”>" The present study supported 19 diffusion routes of E. multilocularis, including those into Hokkaido, some of which
align with previous findings, such as invasions of European strains into North America.”>® However, the results should be interpreted
cautiously because there is a lack or shortage of datasets from regions where E. multilocularis is prevalent, such as Russia and several Eu-
ropean countries, including Germany and Switzerland. Indeed, Knapp et al., 2009, who analyzed genetic polymorphisms of 571 worms us-
ing microsatellite markers, indicated that Southern Germany and Switzerland may serve as ancestral foci for peripheral areas,”” while our
analysis did not reflect such diffusion routes (Figure 4B). This may have been attributed to the sampling bias: our dataset included only a
single haplotype derived from one specimen in Germany in contrast to three haplotypes from ten specimens in France. Additionally, the
absence of data from Russia, where the parasite population is composed of a mixture of Asian, European, North American, and Mongolian
haplotypes,”® may have contributed to the direct connections between St. Lawrence Island and Sichuan, Kyrgyzstan, and Poland, which are
likely more complex in reality. Bayesian phylogeographic analysis depends on sampling intensity and location, which is important for in-
terpreting results.'” Future global studies with multiple gene markers, ideally the mitogenome, will improve our understanding of the
global diffusion process of E. multilocularis.

Inadvertent animal translocation in the modern era is a likely cause of the invasion of E. multilocularis, which has led to the loss of many lives
and continues to threaten Hokkaido. The tragic event of introducing parasites into previously unaffected regions is attributed to insufficient
knowledge and a lack of awareness concerning the consequences of animal translocation. The present study, through parasite population
genetics, highlights the impact of human activities on the spread of zoonotic diseases, and as such, is expected to promote the development
of strategies to prevent further AE emergences. It is noteworthy that even today, anthropogenic activities such as transporting infected pet
dogs to non-endemic areas without quarantine continue to pose a potential risk of further diffusion of E. multilocularis. Strategic planning and
appropriate veterinary control of animal movement must be carried out with the inclusion of governments and experts, and the general public
must be educated concerning these risks.

Limitations of the study

This study successfully identified 19 diffusion routes of E. multilocularis, using Bayesian phylogeographic analysis. However, these results may
have been affected by a lack or insufficiency of data from regions where the parasite is prevalent. Further global investigations with multiple
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Figure 4. Reconstruction of ancestral locations and diffusion process of Echinococcus multilocularis

(A) Maximum clade credibility tree generated with complete three protein-coding sequences (CYTB/ND2/COQI). Branches are colored according to the most
probable ancestral locations of the population. The probability of ancestral location is indicated via pie charts on nodes when the highest probability is less
than 0.95. The color code is the same as that in Figure 3B, and tip codes indicate haplotypes and their sampling locations.

(B) Diffusion routes inferred by Bayesian stochastic search variable selection (BSSVS) analysis. Black arrows show routes with significant supports (100 > Bayes
factor (BF) > 10), whereas red arrows show routes with decisive supports (BF > 100). The map was created by QGIS v3.16 (QGIS Association, 2022) using
Natural Earth vector map data from https://www.naturalearthdata.com/downloads/.

gene markers, ideally the mitogenome, would contribute to a more comprehensive understanding of the global diffusion process of
E. multilocularis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers to amplify mitogenomes of E. multilocularis This study. See Table S3. N/A

Software and algorithms

Multiple Alignment using Fast Fourier Transform (MAFFT) Katoh and Standley, 2013% https://mafft.cbrc.jp/alignment/software/
PopART v1.7 University of Otago Popart https://popart.maths.otago.ac.nz/

DnaSP 6 Rozas et al., 2017°* http://www.ub.edu/dnasp/

Arlequin 3.5 Excoffier and Lischer, 2010 http://cmpg.unibe.ch/software/arlequin35/
BEAST v1.10.4 Suchard et al., 2018%” https://beast.community/

BEAUti v1.10.4 Suchard et al., 2018%” https://beast.community/

Kakusan4 Tanabe, 2011° https://www.fifthdimension.jp/products/kakusan/
LogCombiner v1.10.4 Suchard et al., 2018°7 https://beast.community/

TreeAnnotator Suchard et al., 2018%” https://beast.community/

FigTree Suchard et al., 2018%” https://beast.community/

SpreaD3 v0.9.7 Bielejec et al., 20167° https://rega.kuleuven.be/cev/ecv/software/SpreaD3
QGIS v3.16 QGIS Association, 2022 https://qgis.org/ja/site/index.html

Deposited data

Mitogenome sequences This study. See Table 1. N/A
Analysis settings This study. https://data.mendeley.com/datasets/pcpxkgfzfr/1
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ryo Nakao (ryo.
nakao@vetmed.hokudai.ac.jp).

Material availability
No new reagents were created in this investigation.

Data and code availability

® The sequences analyzed in this study are available under the accession numbers provided in Table S4.

@ Original codes, including software settings, have been deposited to Mendeley Data: https://data.mendeley.com/datasets/pcpxkgfzfr/1
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Parasite DNA from Hokkaido

A total of 60 adult E. multilocularis were collected individually from the small intestines of 60 foxes captured in Hokkaido between April 2019
and March 2020 during an annual surveillance program conducted by the Hokkaido Institute of Public Health, Japan. The sample identifiers,
collection cities/sites (36 municipalities), and 13 sub-prefectures of Hokkaido where the parasites were obtained are listed in Table 1. The
parasites were fixed in 70% ethanol and inactivated by overnight heating at 60°C. Each inactivated parasite was rinsed three times with phos-
phate-buffered saline, and 30 pL of 50 MM NaOH was added. Then, samples were heated at 95°C for 10 min and neutralized using 5.3 pl of 1M
Tris-HCI, pH 7.0. The lysate was centrifuged at 20,000 X g for 5 min, and the supernatant was used as a DNA template for PCR. In addition,
DNA from six parasites collected at different sites in Hokkaido between the 1980s and 2014 was used for PCR (HU_Em_61 to HU_Em_67 in
Table 1). One of these parasites is E. multilocularis Nemuro strain (HU_Em_61), which was established from a male M. rufocanus bedfordiae
captured in Nemuro city in 1987 and has been maintained using a cotton rat experimental infection cycle at the Hokkaido Institute of Public
Health, JaparmSc)'60
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Parasite DNA from St. Lawrence Island and Europe

DNA extracted from five larval cysts from St. Lawrence Island and a protoscolex of the European strain was included in the analysis. One cyst
was obtained from Myodes rutilus in 1951, and the other four cysts were collected separately from four wild voles in the 1980s from
St. Lawrence Island. The European strain was kindly provided by Dr. Auer at the University of Vienna, Austria, in 1989 and has been maintained
at the Hokkaido Institute of Public Health, as mentioned above.’’

METHOD DETAILS
Whole mitochondrial genome construction

The whole mitogenome sequences of E. multilocularis were amplified using two overlapping PCRs (Figure S2; Table S3). PCR primers for the
short EmMtG_S1F and EmMtG_S1R) and long fragments (EmMtG_L1F and EmMtG_L1R) were designed by aligning the complete mitoge-
nome sequences of E. multilocularis (AB018440), E. shiquicus (AB208064), E. equinus (AB786665), and E. granulosus sensu stricto (AB786664)
deposited in the database. PCR was performed in a 25 pl reaction mixture containing 5 uL of 5x PrimeSTAR GXL Buffer (Mg®* plus) (TaKaRa
Bio Inc., Shiga, Japan), 2.0 ul of dNTP mixture (2.5 mM each), 200 nM of each primer, 0.5 pl of PrimeSTAR GXL DNA Polymerase (TaKaRa Bio
Inc.), and 1.0 ul of template DNA. The reaction conditions were 40-45 cycles of 98°C for 10's, 60°C for 15's, and 68°C for 7 min for the short
fragment and 40-45 cycles of 98°C for 10's, and 68°C for 10 min for the long fragment. For DNA samples that could not be amplified under
these PCR conditions, we designed four primer sets for alternative overlapping PCRs (EmMtG_ATF and EmMtG_A1R, EmMtG_A2F and
EmMtG_A2R, EmMtG_A3F and EmMtG_A3R, EmMtG_A4F and EmMtG_A4R) (Figure S2; Table S3). The reaction solution was prepared
as described above, and the PCR conditions were 40-45 cycles at 98°C for 10's, 60°C for 15's, and 68°C for 4 min. The PCR products were
analyzed by electrophoresis on a 1.0% agarose gel and purified with NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Diren,
Germany).

lllumina sequencing libraries were constructed from the purified amplicons using the Nextera XT DNA Library Preparation Kit (lllumina,
Hayward, CA, USA) and sequenced on an lllumina MiSeq platform using the MiSeq reagent kit v3 for 600 cycles. CLC Genomics Workbench
v20.0.4 (Qiagen, Hilden, Germany) was used to map reads against the reference mitogenome (AB018440) to obtain complete mitogenome
sequences of the samples. The 66 complete mitogenomes of E. multilocularis from Japan, St. Lawrence Island, and Europe were deposited in
the DNA Data Bank of Japan (https://www.ddbj.nig.ac.jp/index.html) under accession numbers LC720726-LC720791 (Table 1).

QUANTIFICATION AND STATISTICAL ANALYSIS
Genetic data analyses

In total, 12 CDSs were extracted from each mitogenome sequence and concatenated. The concatenated sequences were aligned using
MAFFT v7.450 software.®” To visualize the relationships between the haplotypes based on the 12 CDSs, a median-joining haplotype network
analysis was performed using PopART v1.7.%% Genetic indices, including haplotype diversity (Hd) and nucleotide diversity () were calculated
using the DnaSP v6.12.03.%

To compare our data with those previously reported from other endemic regions, we employed three mitochondrial CDSs (CYTB, ND2,
and COl) in addition to the analysis of 12 CDSs. Following a concatenation of the selected CDSs, we added haplotypes from Asia (A1-25),
North America (N1-N2, EAB, ESK, ECA, and E4), Inner Mongolia (O1), and Europe (E1-E5, EmPL1-15, Est1, and Est2) reported in previous
studies for the analysis®™ " (Table S4). Sequence alignment and haplotype network analyses were performed as described above. Genetic
distance between two sub-populations of the parasite was evaluated by pairwise Fst, which was calculated using Arlequin 3.5.°°

h®® was performed to infer the diffusion process of E. multilocularis. This approach anno-

A Bayesian discrete phylogeographic approac|
tates tree nodes with the most probable ancestral locations and enables us to estimate the phylogeographic diffusion process using
BSSVS. Specifically, we employed haplotypes based on the three selected CDSs (CYTB/ND2/COl) described above and assigned their sam-
pling locations. Identical haplotypes from a single location were considered single haplotypes. BEAUti v1.10.4 was used to generate an XML
file for BEAST v1.10.4.%” The best-fit model for nucleotide substitution was estimated by Kakusan4,’® and the Hasegawa-Kishino-Yano (HKY)
model, with estimated base frequencies and gamma heterogeneity of four categories, was applied.” The other priors were as follows: un-
correlated relaxed clock with a lognormal relaxed distribution for clock model, strict clock for discrete trait, asymmetric substitution model for
discrete trait substitution model, constant-size tree model, and default. We carried out two independent runs of 2x10° generations and
sampled every 20,000 generations. Tracer v1.6 was used to check the convergence and determine the number of samples to be removed
as burn-in. We combined the remaining logs and trees with LogCombiner v1.10.4, discarded the first 10% of each run, and generated
maximum clade credibility tree using TreeAnnotator. The MCC tree was displayed in FigTree. Finally, SpreaD3v0.9.7”% was used to calculate
BFs and identify strongly supported diffusion routes (BF > 10)."
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