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A B S T R A C T

The larval stages of tapeworms in the species complex Echinococcus granulosus sensu lato cause a zoonotic disease
known as cystic echinococcosis (CE). Within this species complex, genotypes G6 and G7 are among the most
common genotypes associated with human CE cases worldwide. However, our understanding of ecology, biology
and epidemiology of G6 and G7 is still limited. An essential first step towards this goal is correct genotype
identification, but distinguishing genotypes G6 and G7 has been challenging. A recent analysis based on com-
plete mitogenome data revealed that the conventional sequencing of the cox1 (366 bp) gene fragment mistakenly
classified a subset of G7 samples as G6. On the other hand, sequencing complete mitogenomes is not practical if
only genotype or haplogroup identification is needed. Therefore, a simpler and less costly method is required to
distinguish genotypes G6 and G7. We compared 93 complete mitogenomes of G6 and G7 from a wide geo-
graphical range and demonstrate that a combination of nad2 (714 bp) and nad5 (680 bp) gene fragments would
be the best option to distinguish G6 and G7. Moreover, this method allows assignment of G7 samples into
haplogroups G7a and G7b. However, due to very high genetic variability of G6 and G7, we suggest to construct a
phylogenetic network based on the nad2 and nad5 sequences in order to be absolutely sure in genotype
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assignment. For this we provide a reference dataset of 93 concatenated nad2 and nad5 sequences (1394 bp in
total) containing representatives of G6 and G7 (and haplogroups G7a and G7b), which can be used for the
reconstruction of phylogenetic networks.

1. Introduction

Cystic echinococcosis (CE) is a severe zoonotic disease with cos-
mopolitan distribution that is caused by the larval stage of tapeworms
belonging to the species complex Echinococcus granulosus sensu lato (s.l.)
(Deplazes et al., 2017). Various canids (dogs, wolves, jackals, dingoes)
may act as definitive hosts for the adult stage of this parasite (e.g., Moks
et al., 2006; Laurimaa et al., 2015; Schurer et al., 2016; Thompson,
2017). Intermediate hosts for the larval stage (fluid filled cyst) are
various wild and domestic herbivores and omnivores (e.g., sheep, goats,
camels, pigs, cattle, yaks, moose, wild boars), but also humans (Romig
et al., 2017). While CE is asymptomatic for the definitive host, it can
cause severe health problems and can be fatal to the intermediate host,
including humans, if not adequately treated (Alvarez Rojas et al., 2014;
Thompson, 2017).

Initially two mitochondrial DNA (mtDNA) gene fragments cox1
(366 bp) and nad1 (471 bp) were used to define ten E. granulosus s.l.
genotypes, designated as G1 to G10 (Bowles et al., 1992, 1994; Bowles
and McManus, 1993; Scott et al., 1997; Lavikainen et al., 2003). Later
studies have, however, revealed that genotypes G2 and G9 are not
valid, since G2 is a microvariant of G3 (Kinkar et al., 2017) and G9 a
microvariant of G7 (Kedra et al., 1999). Significant genetic, morpho-
logical, life cycle and host range differences between E. granulosus s.l.
genotypes have provided grounds to consider a number of these gen-
otypes as separate species (e.g., Lymbery, 2017; Romig et al., 2017;
Thompson, 2017). Genotypes G1 and G3 are now regarded as E. gran-
ulosus sensu stricto (s.s.), G4 as Echinococcus equinus, and G5 as Echi-
nococcus ortleppi (Thompson and McManus, 2002; Kinkar et al., 2017).
The phylogeny and species status of genotypes G6, G7, G8 and G10 has,
however, remained controversial (Moks et al., 2008; Thompson, 2008;
Saarma et al., 2009; Knapp et al., 2011, 2015; Lymbery et al. 2015;
Nakao et al., 2015). Recently, a study by Yanagida et al. (2017), which
was based on two nuclear genes, suggested that gene flow may exist
between the genotypic groups G6/G7 and G8/G10. However, another
study based on six nuclear genes suggested that G6-G10 consists of two
species, one comprising genotypes G6/G7 and the other species G8/G10
(Laurimäe et al., 2018a). While the suitable species name for the G8/
G10 genotypic group is Echinococcus canadensis, the species name for
G6/G7 is under dispute (Nakao et al., 2015; Saarma et al., un-
published).

Within E. granulosus s.l., genotype G6 is considered to be the second
most common genotype associated with human CE cases worldwide
(Alvarez Rojas et al., 2014; Cucher et al., 2016). However, human CE
infections with genotype G7 are also more frequent than previously
thought (Jabbar et al., 2011; Dybicz et al., 2013; Alvarez Rojas et al.,
2014). These two genotypes are prevalent or highly prevalent in the
Medierranean area, on the Tibetan Plateau, and in the southern regions
of South America. Genotype G6 is more prevalent than G7 in Africa,
Asia and Middle East, whereas G7 is more common in Europe (Deplazes
et al., 2017). The typical intermediate hosts for G6 are goats and ca-
mels, whereas for G7 the most common is the pig (Romig et al., 2017).
Differentiating between genotypes G6 and G7, but also between hap-
logroups G7a and G7b, of which G7b seems to be restricted to the is-
lands of Corsica and Sardinia (Laurimäe et al., 2018b) and to the ad-
jacent regions in the mainland of Italy (Laurimäe et al., 2019), is
relevant to determine whether there are significant ecological, biolo-
gical or epidemiological differences between these genetic groups (e.g.,
infectivity to humans, host assemblages, distribution ranges). However,
it has remained unclear to what extent the differences in distribution
ranges of these groups reflect differences in host affinity (especially

relevant to G6 and G7), and to what extent it is the result of historical
events and livestock trading. Additionally, it also remains to be studied
whether the pathogenicity of these genetic groups is different in terms
of human infections, which can be important for planning effective
cystic echinococcosis control strategies.

The two markers used for the original description of genotypes G6
and G7 (fragments of cox1, 366 bp; nad1, 471 bp; Bowles et al., 1992;
Bowles and McManus, 1993) have been widely applied to distinguish
genotypes within E. granulosus s.l., including G6 and G7 (e.g., Beato
et al., 2013; Rodriguez-Prado et al., 2014; Zhang et al., 2014; Rostami
et al., 2015). Recently a number of studies have employed the complete
cox1 gene (1608 bp), providing a more detailed molecular character-
ization of these genotypes (e.g., Konyaev et al., 2013; Addy et al.,
2017). The data obtained through employing these markers have
played an important role in distinguishing various E. granulosus s.l.
species and genotypes, and in understanding their evolution and
transmission. However, it has become evident that these markers do not
allow for a consistent and reliable assignment of samples to genotypes
G6 and G7. It is especially relevant for samples that do not cluster
clearly neither to G6 nor G7, but are positioned between these geno-
types. Even the data of complete cox1 (1608 bp) has not allowed reli-
able assignment of such intermediate samples into genotypes (e.g.,
Nakao et al., 2013; Addy et al., 2017; Laurimäe et al., 2018b). Other
genetic markers (e.g., 16S rRNA, atp6) have occasionally also been used
to distinguish genotypes (e.g., Šnábel et al., 2009; Boubaker et al.,
2013, 2016; Nikmanesh et al., 2017), but their efficacy has remained
contentious. In order to develop a method that is reliable and simple, a
global dataset is required that is based on a large number of samples
originating from different geographical regions, and for which mito-
genome sequences are determined.

Recently, studies on the genetic diversity of E. granulosus s.l. have
started to employ near-complete or complete mitogenomes for a large
set of samples, covering a wide geographical distribution range of
genotypes G1/G3 and G6/G7 (Kinkar et al., 2016, 2018a, 2018c;
Laurimäe et al., 2016, 2018b). These studies have opened possibilities
to find mtDNA sequences that are sufficient for the reliable distinction
of closely related genotypes. As demonstrated in Kinkar et al. (2018b)
for E. granulosus s.s. genotypes G1 and G3, the traditionally used cox1
and nad1 genes proved unreliable, and it was found that a nad5 gene
fragment (680 bp) is optimal to identify G1 and G3. A relatively large
dataset has recently also been established for genotypes G6 and G7
(Laurimäe et al., 2018b) and it was discovered, based on complete
mitogenomes, that genotype G7 is represented by two haplogroups G7a
and G7b. Notably, it was found that based on the cox1 (366 bp) gene
fragment, some of the G7b samples would have been mistakenly clas-
sified as genotype G6, and the complete cox1 (1608 bp) gene sequences
positioned these samples closer to genotype G6 than to G7. However,
the phylogenetic network and Bayesian phylogenetic analysis based on
complete mitogenomes clearly showed this cluster to belong to G7
(Laurimäe et al., 2018b).

Although the studies using near-complete or complete mitogenomes
have demonstrated their significant advantages, sequencing complete
mitogenomes of Echinococcus can be challenging (Kinkar et al., 2019)
and often not practical when only genotype or haplogroup assignment
is required. A much simpler, but still highly reliable method is therefore
required that is based on the analysis of a minimum set of genetic
markers that allow confident distinction of genotypes G6 and G7, and
haplogroups G7a and G7b.

The main aim of the current study was to determine mtDNA gene
regions that would be optimal for reliable and easy genotype distinction
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of E. granulosus s.l. G6 and G7 samples, as well as haplogroups G7a and
G7b. We also aimed to develop an affordable assay for the amplification
of such regions.

2. Material and methods

2.1. Complete mitochondrial genome sequences

In order to determine new suitable markers, which would allow for
reliable assignment of samples into E. granulosus s.l. genotypes G6 and
G7, as well as into haplogroups G7a and G7b, a total of 93 complete
mitogenome sequences of G6 and G7 from GenBank were used for the
current analysis (Fig. 1; accession numbers: MH300929-MH300970;
MH300972-MH301022; Laurimäe et al., 2018b; see Table S1 for addi-
tional data). Of these, 26 represented genotype G6, and 67 genotype
G7, whereas genotype G7 was represented by sequences belonging to
haplogroups G7a (n=55) and G7b (n=12). The highly divergent
isolate Gmon from Mongolia (Laurimäe et al., 2018b) was excluded
from the current analysis since there was only one sample and its
genotypic identity remained unclear (it can be a new genotypic cluster
within the E. granulosus s.L. complex). More samples that are genetically
similar to Gmon are needed to clarify its status.

The complete mitogenome sequences were 13,549–13,554 bp in
length, which were aligned using Clustal W multiple sequence

alignment in BioEdit v.7.2.5 (Thompson et al., 1994; Hall, 1999). The
total length of the alignment was 13,556 bp (alignment available at
Mendeley Data; DOI: 10.17632/d2w6xnmz9y.1). Using the in-
vertebrate mitochondrial genetic code, protein-coding genes of all 93
sequences were translated into amino acids in Geneious v.11.0.5 (Bio-
matters, Auckland, New Zealand; Kearse et al., 2012). Subsequently,
open reading frames (ORFs), codon positions and amino acid changes
(synonymous/nonsynonymous) at polymorphic positions were de-
termined. Defining positions were according to the reference mito-
genome sequence MH300955 in GenBank (Laurimäe et al., 2018b).

2.2. Sequencing of nad2 and nad5 genes

Since we found that the nad2/nad5 combination provides reliable
means to distinguish genotypes G6 and G7, as well as haplogroups G7a
and G7b, two new primers for nad2 were designed for PCR amplifica-
tion: G7for (GTGTTGTGTTGTTGATAGATTG) and G7rev (GTAAAAAT
AATCACCACCCAAC). These primers yield a PCR product of 781 bp in
length. The primers for the nad5 gene region were from in Kinkar et al.
(2018b), yielding a PCR product of 759 bp.

Fifteen sequences of E. granulosus s.l. genotypes G6 (n= 5) and G7
(n=10), including representatives of G7a (n= 5) and G7b (n=5),
were used to test the nad2 and nad5 primers. PCR was carried out in
separate reactions for the nad2 and nad5 primer pairs, both in a volume

Fig. 1. Geographic locations of the 93 complete mitogenome sequences of Echinococcus granulosus sensu lato genotypes G6 and G7 (including haplogroups G7a and
G7b) obtained from GenBank (MH300929-MH300970; MH300972-MH301022; Laurimäe et al., 2018b). Black dots depict haplogroup G7a (n=55) samples, purple
dots G7b (n=12), and grey dots genotype G6 (n=26) samples. Numbers inside the dots represent the number of samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of 20 μl, using 1 U x 5× FIREPol® Master Mix (Solis BioDyne, Tartu,
Estonia), 0.25 μM of each primer, and 10 ng of purified genomic DNA. A
touchdown protocol was used for PCR: initial denaturation at 95 °C for
15min, followed by 10 cycles of 95 °C for 20 s, 55 °C for 45 s (annealing
temperature progressively reduced by −0.5 °C in each cycle), and 72 °C
for 1min; followed by 25 cycles of 95 °C for 20 s, 50 °C for 45 s, 72 °C for
1min; and finishing with a final elongation step at 72 °C for 5min. In
order to validate the size of the PCR products against a reference mo-
lecular weight standard O'GeneRuler 1 kb Plus DNA Ladder (Thermo
Fisher Scientific), 10 μl of each PCR product was examined on 1.4%
agarose gel electrophoresis in 1xTAE buffer. Purification reactions were
carried out for the remaining 10 μl of PCR products by adding 1 U of
FastAP Thermosensitive Alkaline Phosphatase and 1 U Exonuclease I
(Thermo Fisher Scientific) to the PCR products, which were then in-
cubated at 37 °C for 30min, and subsequently heated at 80 °C for
15min in order to inactivate the enzymes.

Sequencing was performed at the Estonian Biocentre Core
Laboratory (Tartu, Estonia). Both DNA strands were sequenced by using
the same primers (one primer per reaction) as for the initial PCR re-
actions. BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, California, USA) was utilised for sequencing,
following the manufacturer's protocols. Cycling parameters were 96 °C
1min, followed by 25 cycles of 96 °C 10 s, 50 °C 15 s and 60 °C 4min.

Sequences were resolved on the ABI 3130xl sequencer (Applied
Biosystems). Sequences were assessed for quality and consensus se-
quences were assembled using the program Codon Code Aligner
v.6.0.2. Sequences were aligned using Clustal W multiple sequence
alignment in the program BioEdit v.7.2.5 (Thompson et al., 1994; Hall,
1999). Subsequently, chromatograms of sequences were checked for
double peaks and reading errors. The sequences were then compared to
a high quality reference sequence, and observed mutations were de-
termined as valid if a clear, high quality peak of the corresponding
nucleotide was present on the chromatogram. After sequencing and
trimming, the final length of the sequences for the nad2 gene region was
714 bp, and for the nad5 region 680 bp.

2.3. Phylogenetic networks

Phylogenetic networks were constructed separately for five datasets
using Network v4.612 (Bandelt et al., 1999; http://www.fluxus-
engineering.com, Fluxus Technology Ltd., 2004), with both indels and
point mutations considered. The datasets were as follows: i) nad2
(714 bp)+ nad5 (680 bp); ii) cox1 (366 bp) sensu Bowles et al. (1992);
iii) full cox1 (1608 bp) gene; iv) nad2 (714 bp)+ nad5 (680 bp)+ cox1
(366 bp); v) nad2 (714 bp)+ nad5 (680 bp)+ full cox1 (1608 bp).

Table 1
Defining positions in the complete mitochondrial genomes for differentiating Echinococcus granulosus sensu lato genotypes G6 and G7, and haplogroups G7a and G7b.
Alignment length is 13,556 bp. Positions are according to GenBank reference MH300955 (Laurimäe et al., 2018b). Positions marked in bold are within the new
markers nad2 and nad5. Abbreviations for amino acids: Ala – Alanine, Asn – Asparagine, Cys – Cysteine, Glu - Glutamic acid, Gly – Glycine, Ile – Isoleucine, Met –
Methionine, Thr – Threonine, Leu – Leucine, Phe – Phenylalanine, Pro – Proline, Ser – Serine, Tyr – Tyrosine, Val – Valine.

Gene Defining position G6 G7a G7b Codon position Amino acid change Notes

tRNA-Arg 412 C T T – – –
nad5 656 G A A 1st Gly (G6)/Ser(G7) –
nad5 714 C Ta T 2nd Ala (G6)/Val (G7) a2 G7a samples had C (Ala)
nad5 804 A G G 2nd Asn (G6)/Ser (G7) –
nad5b 1060 T C T 3rd Synonymous (Phe) –
nad5b 1595 T A T 1st Cys (G6, G7b)/Ser (G7a) –
nad5 1854 C T T 2nd Ser (G6)/Phe (G7) –
cox3 2222 C T T 2nd Ala (G6)/Val (G7) –
cob 3413 T C C 3rd Synonymous (Ile) –
cob 3587 G A A 3rd Synonymous (Val) –
nad4 4446 Ca T T 2nd Ala (G6)/Val (G7) a1 G6 sample had T (Val)
nad4 5029 Ca T T 3rd Synonymous (Val) a2 G6 samples had T (synonymous)
atp6 5928 T Ca C 3rd Synonymous (Val) a2 G7a samples had A (synonymous)
atp6 5959 G A A 1st Val (G6)/Met (G7) –
atp6 6160 A T T 1st Thr (G6)/Ser (G7) –
nad2 6353 T Ga G 3rd Phe (G6)/Leu (G7) a1 G7a sample had T (Phe), 1 G7a sample had A

(synonymous)
nad2b 6491 A G A 3rd Synonymous (Val) –
nad2 6524 Aa G G 3rd Synonymous (Val) –
nad2b 6620 C A C 3rd Ile (G6, G7b)/Met (G7a) –
Intergenic region Between 7085 and

7086
Inserted G – – – – –

nad1 7788 T C C 3rd Synonymous (Cys) –
nad1 7884 G A A 3rd Synonymous (Leu) –
nad1 8005 A G G 1st Met (G6)/ Val (G7) –
nad3 8593 C T T 3rd Synonymous (Phe) –
cox1 9656 G A A 3rd Synonymous (Leu) –
cox1b 9734 T C T 3rd Synonymous (Pro) –
cox1b 10,550 T C T 3rd Synonymous (Tyr) –
L-rRNA 11,375 Ca T T – – a3 G6 samples had T
L-rRNA 11,491 T Ga G – – a1 G7a sample had T
S-rRNA 11,762 G A A – – –
S-rRNAb 11,766 A G A – – –
cox2 12,759 A G G 3rd Synonymous (Met) –
cox2 12,819 T C C 3rd Synonymous (Ser) –
nad6 13,390 A G G 3rd Synonymous (Leu) –
nad6b 13,447 A G A 3rd Synonymous (Glu) –
nad6 13,499 T C C 1st Synonymous (Leu) –
nad6 13,513 C T T 3rd Synonymous (Ala) –

a Positions where one or more samples had a different nucleotide than the rest of the samples of the same genotype in that position.
b Positions where G7b shared the same nucleotide with genotype G6.
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3. Results

3.1. Defining positions in the mitochondrial genome for distinguishing G6,
G7a and G7b

In the complete mitogenome dataset, 37 informative positions were
found that allowed the distinction of G6 and G7, and G7a and G7b
(Table 1). Of these, 31 positions were in protein-coding genes, of which
12 represented non-synonymous substitutions (resulting in amino acid
change), and 19 were synonymous (amino acid remained the same). A
total of 29 positions were of diagnostic value for differentiating geno-
types G6 and G7, i.e. positions where genotype G6 samples were re-
presented by one genotype-specific nucleotide, whereas genotype G7
samples had a different genotype-specific nucleotide (Table 1). How-
ever, of these 29, seven represented positions where one or more
samples were represented by a different nucleotide, other than what
was characteristic to the rest of the samples of the same genotype. For
example, at position 4446 (nad4 gene region) G6 samples had C in that
position, and G7 (both G7a and G7b) samples had T, but one G6 sample
had the same nucleotide as genotype G7 samples (nucleotide T). Similar
situation was observed at position 11,491 (l-rRNA) – genotype G6
samples were characterised by nucleotide T, and genotype G7 (both
G7a and G7b) by nucleotide G, whereas one G7a sample had nucleotide
T (same as genotype G6 samples). Therefore, these seven positions were
not considered as consistently genotype defining, since they did not
allow for unequivocal distinguishing of G6 and G7.

In the mitogenome there were altogether eight informative posi-
tions where haplogroup G7b samples had the same nucleotide as gen-
otype G6 samples, whereas genotype G7 haplogroup G7a samples had
another nucleotide in that position. For example, in the position 9734 of
the cox1 gene region: G6 samples had nucleotide T and G7a had nu-
cleotide C, while G7b shared the same nucleotide T in that position as
genotype G6 samples (Table 1). However, in the whole mitogenome
there were 11 additional positions specific to haplogroup G7b, whereas
G6 and G7a had a different nucleotide in these positions. For example,
position 6992 in the nad2 gene region: G6 and G7a samples had nu-
cleotide A, whereas G7b samples had G (Table S2).

3.2. New mtDNA markers for distinguishing G6 and G7, and also G7a and
G7b

Three gene regions were found in the mitogenome that had the
highest number of positions for distinguishing G6, G7, G7a and G7b:
nad2 (four positions), nad5 (six positions) and nad6 (four positions).
Within the nad2 gene region there were two diagnostic positions for
differentiating genotypes G6 and G7, and two positions that allowed for
the distinguishing of G7 haplogroups G7a and G7b. Additionally, in the

nad5 gene there were four diagnostic positions for differentiating G6
and G7, and two positions for allocating samples into G7a and G7b. In
addition, there was one position within the nad2 gene and one position
on the nad5 gene that was not consistently genotype defining: i) at
position 6353 (nad2 gene) one G7a sample had nucleotide T, which was
characteristic to genotype G6 samples; and one G7a sample had nu-
cleotide A, while the rest of genotype G7 (both G7a and G7b) samples
had nucleotide G; ii) at position 714 (nad5 gene) two G7a samples
shared the same nucleotide C as genotype G6 samples, while the rest of
G7 (both G7a and G7b) samples were characterised by nucleotide T.
Within the nad6 gene there were three positions with diagnostic value
for distinguishing G6 and G7, and only one position diagnostic for
differentiating G7a and G7b. However, for a more reliable assigment of
samples into G6, G7a and G7b, it was determined that the combination
of nad2 and nad5 gene regions would be optimal (Fig. 2).

3.3. Defining positions within the cox1 gene

We also explored whether the full cox1 gene (1608 bp) is suitable
for allocating samples into G6-G7 and G7a-G7b, and found that there
were altogether three informative positions (Table 1). Of these three,
one position (9656) allowed for a clear discrimination of genotypes G6
and G7, whereas at the remaining two positions (9734 and 10,550)
haplogroup G7b samples shared the same nucleotide with genotype G6
samples (both were characterised by nucleotide T), while G7a had C.

3.4. Validation of new primers by PCR and sequencing of nad2 and nad5
genes

Fifteen samples of G6 (n=5), G7a (n= 5) and G7b (n=5) were
successfully amplified with the newly designed primers for nad2 and
with primers for nad5 previously described in Kinkar et al. (2018b),
resulting in PCR products of 781 bp and 759 bp, respectively (data not
shown). After sequencing and trimming, the final length of the se-
quences was 714 bp (nad2) and 680 bp (nad5), corresponding to posi-
tions 6280–6993 (nad2) and 691–1370 (nad5) in the mitogenome se-
quence MH300955 in GenBank (Laurimäe et al., 2018b). All four
informative positions in the nad2 gene located in this 714 bp gene
fragment. Of the six informative positions in the full nad5 gene, three
were positioned within the 680 bp gene fragment (Table 1).

3.5. Phylogenetic networks

The phylogenetic network of combined nad2 (714 bp) and nad5
(680 bp), 1394 bp in total, allowed for a clear distinction of G6 and G7
genotypes, as well as of haplogroups G7a and G7b (Fig. 2). However,
the phylogenetic network of the cox1 (366 bp) gene fragment did not

Fig. 2. Phylogenetic network of concatenated nad2 (714 bp)
and nad5 (680 bp) gene sequences (1394 bp in total). Black
dots depict haplogroup G7a (n=55) samples, purple dots
G7b (n= 12), and grey dots genotype G6 (n= 26) samples.
Numbers inside the dots represent the number of samples.
Numbers above the lines indicate the number of mutations.
Lines without numbers denote one-mutational steps.
Haplotypes comprising samples from a single country are
marked with country three letter abbreviations. Haplotypes
comprising samples from multiple countries are named
“Hap”, and their sample origins are listed in the bottom right
corner (the numbers in brackets beside the country name
represent the number of samples). Genotype G6 is marked
with an orange background. Genotype G7 haplogroup G7a is
defined with a blue background, and genotype G7 haplogroup
G7b is marked with a grey background. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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have sufficient phylogenetic power to accurately allocate samples into
the correct genotype (Fig. 3a). It is important to note that G7b samples
were grouped together into one haplotype with G6 samples, and the
rest of the G7a samples were just one mutation apart from the
G6+G7b haplotype (Fig. 3a). Even on the basis of the complete cox1
gene (1608 bp), the accurate allocation of samples remained challen-
ging – G7b positioned closer to G6 than to G7a samples (Fig. 3b).
However, if higher resolution is required (e.g., for phylogeographical
analysis), using the nad2+ nad5 gene fragments (1394 bp in total) to-
gether with either 366 bp of the cox1 gene fragment (Fig. S1) or with
the complete cox1 (1608 bp) gene (Fig. S2) can increase the phyloge-
netic resolution of the analysis.

4. Discussion

In terms of human and animal health it is of paramount importance
to determine whether there are significant epidemiological, ecologial or
biological differences between E. granulosus s.l. genotypes/species (for
example, in infectivity and clinical course in humans). The basis for
such research relies on the correct identification of genotypes.
However, consistent allocation of samples into genotypes G6 and G7
based on the widely used, but relatively short sequences of cox1 and
nad1, has remained ambiguous, as a number of samples have been
observed to be in intermediate positions between G6 and G7. Therefore

a number of these in-between samples have been classified as G6/G7,
without specifying the genotype. While for the analyses of genetic di-
versity, population structure and phylogeography (e.g., migration pat-
terns) it is recommended to use complete or near-complete mitogenome
sequence data (Kinkar et al., 2016, 2017, 2018a, 2018c; Laurimäe et al.,
2016, 2018b), sequencing the whole mitogenome for genotype as-
signment is often not feasible, nor practical. Therefore we aimed to
determine a new set of mtDNA markers for reliable (but also easy and
cost-effective) assignment of samples to genotypes G6 and G7, and also
to haplogroups G7a and G7b.

In the current study the nad2 (714 bp) and nad5 (680 bp) mi-
tochondrial gene fragments (1394 bp in total) were determined as the
best combination for reliable allocation of samples into genotypes G6
and G7, but also to haplogroups G7a and G7b (Table 1; Fig. 2). The
nad2 and nad5 combination provides altogether four diagnostically
relevant positions for differentianting between genotypes G6 and G7.
Additionally, within nad2 and nad5 there are three informative posi-
tions for allocating samples into haplogroups G7a and G7b. Thus, we
strongly recommend sequencing both the nad2 and nad5 gene frag-
ments for reliable G6-G7 genotype discrimination, as well as for allo-
cating samples into haplogroups G7a and G7b. We encourage to use this
approach for accurate genotype determination, as correctly assigned
samples lay a solid basis for future research to determine any epide-
miologically significant differences between the different genetic

Fig. 3. Phylogenetic networks constructed for two different genes using the same set of samples as for constructing the network depicted in Fig. 2: a) cox1 (366 bp)
gene fragment; b) complete cox1 (1608 bp) gene region. Black circles represent genotype G7a samples, dark grey circles mark G7b samples, while light grey depicts
samples belonging to genotype G6. Numbers inside the dots represent the number of samples. Numbers above the lines indicate the number of mutations. Lines
without numbers denote one-mutational steps. Haplotypes in Fig. 3b comprising samples from a single country are marked with country three letter abbreviations.
Haplotypes comprising samples from multiple countries are named “Hap”, and their sample origins are listed in the top right corner of Fig. 3b (the numbers inside
brackets beside the country name represent the number of samples).
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variants. Although the new assay is slightly more expensive and time
consuming compared to sequencing just one gene fragment (e.g.,
366 bp of cox1), it is still cost-effective and easy to perform. However,
note that for the initial screening or if only species determination (and
not of genotypes) within the E. granulosus s.L. complex is required, the
conventional cox1 (366 bp) gene fragment is still a good option.

Out of the 29 positions with diagnostic value for distinguishing G6
and G7, 22 allowed for consistent allocation of samples into the correct
genotype cluster. The remaining seven represented positions where one
or more samples had a different nucleotide than what was characteristic
to the rest of the samples of the same genotype (e.g., positions 4446,
5029, and 5928; Table 1). When the sample size of G6 and G7 becomes
significantly larger in time, there will likely be fewer genotype defining
positions than reported in the current study, as the genetic variability of
G6 and G7 is very high. Therefore, for reliable distinction of genotypes
G6 and G7, we suggest constructing a phylogenetic network based on
the nad2 and nad5 sequences (1394 bp in total). The sequences can be
aligned with the reference sequences provided in this study (supple-
mentary file “Reference Sequences for G6-G7.fas”; the same alignment
can be accessed also via Mendeley; DOI: 10.17632/d2w6xnmz9y.1).
The reference dataset includes sequences of genotypes G6 and G7, but
also of haplogroups G7a and G7b from geographically wide locations.

Intrestingly, there were a total of eight positions within the whole
mitogenome where G7 haplogroup G7b shared the same nucleotide
with genotype G6, while haplogroup G7a samples were defined by a
different nucleotide (e.g., position 13,447: G6 and G7b had nucleotide
A; G7a had nucleotide G). One such position was within the widely used
cox1 (366 bp) gene fragment (Table 1; pos. 9734). As a result, hap-
logroup G7b samples clustered into one haplotype together with gen-
otype G6 samples, and therefore would have been mistakenly classified
as genotype G6 samples (Fig. 3a). This would in turn imply that gen-
otype assignments based on the cox1 (366 bp) gene fragment could be
erroneous, at least in some cases. Furthermore, even the complete cox1
(1608 bp) gene did not improve the phylogenetic power enough to re-
liably allocate samples into genotypes. Within the complete cox1 gene
there were two positions where both G6 and G7b were characterised by
the same nucleotide, and only one genotype defining position. As also
discussed in Laurimäe et al. (2018b), this means that based on the
complete cox1 gene the G7b samples would be positioned closer to the
genotype G6 cluster (Fig. 3b).

Whether there are any significant ecological, biological or epide-
miological differences between G6 and G7, but also between G7a and
G7b, remains to be studied. Therefore, in order to evaluate these po-
tential differences both in animals and in humans, it is important to
accumulate data about the exact genotypes and haplogroups without
limiting it to the species within E. granulosus s.l.. So far it has been
especially difficult to allocate the haplotypes that position between G6
and G7 samples of G7b into the correct genotype cluster, and as a result
the prevalence, distribution range and host assemblages of this hap-
logroup have remained unknown. Although G7b was first defined in our
recent study (Laurimäe et al., 2018b), there has also been an indication
of similar genetic structuring of genotype G7 from earlier studies based
on sequences of cox1 and nad1 genes (Umhang et al., 2014; Addy et al.,
2017). However, the exact genetic relationship of the samples with
their respective genotypes remained unclear since these were placed in
an intermediate position between the genotypes G6 and G7. The com-
bination of gene regions of nad2 (714 bp) and nad5 (680 bp) now allow
confident assignment of samples into their respective genotypes and
haplogroups.

While other mtDNA markers and assays were developed for geno-
type distinction (e.g., Rostami Nejad et al., 2008; Šnábel et al., 2009;
Boubaker et al., 2013, 2016; Mogoye et al., 2013), these were based on
a relatively small number of samples and short sequences. Moreover, at
that time only few mitogenomes were available to confirm and validate
the reliability of such markers, especially for genotypes G6 and G7.
Although the widely used cox1 gene will remain relevant for species

discrimination within E. granulosus s.l., it lacks power to distinguish
genotypes. Therefore we suggest to use the nad5 marker for the correct
differentiation of genotypes G1 and G3 (Kinkar et al., 2018b), and the
combination of nad2/nad5 for the differentiation of G6 and G7, or
haplogroups G7a and G7b. However, if a more comprehensive analysis
is required (e.g., phylogeographical), sequencing near-complete or
complete mitogenomes is highly recommended, but if this is not pos-
sible due to limited funding, combining the nad2 and nad5 sequences
with those of cox1 and/or nad1, would enhance the resolution of
phylogeographical analysis considerably compared to the commonly
used short cox1 gene fragment of 366 bp.

5. Conclusions

The accurate identification of genotypes within the species complex
E. granulosus sensu lato has important epidemiological implications, as
it can inform about the zoonotic potential of different genotypes and
facilitates communication among scientists, veterinarians and medical
doctors. For correct determination of E. granulosus s.l. genotypes G6 and
G7, and also haplogroups G7a and G7b, we suggest to use an assay
developed in this study that is based on the sequencing of nad2 (714 bp)
and nad5 (680 bp) gene fragments (Fig. 4). We also suggest to align

Fig. 4. A flowchart demonstrating the assignment of E. granulosus sensu lato
samples into genotypes G6 and G7. For genotype G7, it is possible to assign
samples also to haplogroups G7a and G7b (see Laurimäe et al., 2018b).
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sequences with the reference dataset of nad2 and nad5 provided here as
a supplementary file “Reference Sequences for G6-G7.fas”. However,
we recommend constructing a phylogenetic network based on the
concatenated nad2 and nad5 sequences. This enables to ascertain the
correct genotype (and haplogroup) with confidence.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103941.
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