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Simple Summary: This study evaluated the genetic diversity and investigated the origin of Viet-
namese domestic dogs on the basis of genetic data. A total of 56 haplotypes (group of genes inherited
together from a single parent), including 14 indigenous ones (two of them have not been previously
reported) were observed, with some of them implying that Australian dingo and Polynesian dogs
originated from Southeast Asian ones, reinforcing the theory of domestication of dogs to the south of
the Yangtze River.

Abstract: In this study, samples from 429 dog individuals across three main regions of Vietham
(Southern Vietnam (SVN), Central Vietnam (CVN), and Northern Vietnam (NVN)) were collected to
analyze the 582 bp region mtDNA HVI, so as to study the genetic diversity and to screen the rare
haplotype E in the Vietnamese village dog population. Nine new haplotypes A, two new haplotypes
B, and three haplotypes C were unique to Vietnam dogs, in which the new haplotypes An3, An7,
Cnl, and Cn3 concerned mutations at new polymorphism sites (15,517, 15,505, 15,479, and 15,933,
respectively) which have not been previously reported. The detection of haplotypes A9 and A29, and
the appearance of haplotype A200 in the two individual dogs sampled support that the Southeast
Asian dog is the ancestor of today’s Australian dingo and Polynesian dog. The two rare haplotypes
E (E1 and E4) were reconfirmed in Vietnamese dogs and discussed. This study also contributes to
strengthening the theory of domestication of dogs to the south of the Yangtze River and the Southeast
Asian origin of the dingo.
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1. Introduction

The dog (Canis familiaris) is the most popular domesticated animal, with a high morpho-
logical and behavioral diversity level. The origin of domestic dogs remains controversial.
Leonard et al. (2002) [1] and Savolainen et al. (2002) [2] claimed that dogs originated from
Asian Gray Wolves in Southeast Asia and then, according to Wang et al., 2016, migrated
from East Asia to the Middle East, Africa, and Europe. Thalmann et al. (2013) [3] pointed
to Europe as the primary origin of dogs, while Frantz et al. (2016) reported that dogs might
have been domesticated in Eastern and Western Eurasia from distinct wolf populations [4].

Studies of the evolutionary origin and relationship among dog breeds in the world us-
ing DNA fragments have proven more effective than morphological or archeological tools.
The phylogeny and origin of Madagascan dogs [5], native American dog breeds [6], and
Tibetan Mastiffs [7] have been determined by analyzing a part or the whole mitochondrial
DNA (mtDNA) sequences. The first fully translated Canid (Canis familiaris) mitochondrial
genome has a 16.7 kb length, similar to vertebrates. The D-loop or control region (CR) (posi-
tion 15458-16727) is 1270 bp long and plays an essential role in controlling the transcription
process. The CR consists of three separate regions, including hypervariable region 1 (HV1),
hypervariable region 2 (HV2), and variable tandem repeats [8,9]. HV1 is located at the
5" end of the CR at position 15,458-16,130 with a length of 673 bp and has a high polymor-
phism rate, as in human beings, which is usually used in forensics in the case of lacking
or seriously defective DNA samples. HV1 is also used to identify SNPs (single-nucleotide
polymorphisms) and determine village dog haplotypes [2,10]. HVI can be grouped into
six haplogroups: A, B, C, D, E, and F [10]. The three common haplogroups, A, B, and C,
have a widespread worldwide distribution of 71.3%, 17.26%, and 7.80%, respectively. In
contrast, the distribution of haplogroups D, E, and F is more geographically specific; for
example, haplogroup D can only be found in particular regions such as Turkey, Spain, and
Scandinavia; haplogroup E can only be found in mountainous Japan, China, and South
Korea; haplogroup F can only be found in snowy areas of Japan and Siberia [6,10].

In Vietnam, especially in rural regions, village dogs are usually free-ranging and
free-breeding. In addition to village dogs with standard slim body shapes, there are some
groups of dogs with a unique appearance, such as the Phu Quoc ridgeback dog (from
Phu Quoc Island, South of Vietnam), Hmong bobtail dog (from Lao Cai, Son La province,
North of Vietnam), and Bac Ha dog (from Lao Cai province, North of Vietnam). The
indigenous dogs in Vietnam are highly adapted to the local environmental conditions and
possess diversified morphological and behavioral characteristics. The origin and diversity
of Vietnamese dog breeds remain uncharacterized. In initial research evaluating the genetic
diversity of Phu Quoc dogs [11], we found the rare haplogroup E (over 10%) in addition
to the ubiquitous haplogroups A, B, and C in the population [12]. The occurrence of
haplogroup E in Vietnamese dogs, previously found only in Japanese and Korean dogs,
has raised a question about the distribution of this haplogroup in Vietnam and whether
other breeds in Vietnam have haplogroup E or not.

This study analyzed the mtDNA HV1 region of 429 individuals (397 newly collected
individuals and 32 individuals from previously published papers) to evaluate the genetic
diversity of the Vietnamese dog population. We also screened haplotype E in the Viet-
namese dog population. The relationship among Vietnamese diverged indigenous dog
breeds and with other dog populations such as those in Thailand, Iran, Turkey, central
China, and southern of China [6,10,11] is also investigated in this study.

2. Materials and Methods
2.1. Sample Collection

Dog hairs were sampled across the primary regions of Vietnam: Southern Vietnam
(SVN), Central Vietnam (CVN), and Northern Vietnam (NVN). To avoid testing related
dogs, samples from sibling dogs or dogs with a maternal bond were excluded. Hair
samples were stored separately in a labeled plastic zip-lock bag at —30 °C, while blood
samples were stored in EDTA-containing falcon tubes at 4 °C. Thirty-two samples from
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the previously published literature (totaling 429 samples) were analyzed in this study. Of
these, 417 samples with geographical information were classified into SVN, CVN, and
NVN groups; 12 samples (from literature) lacking geographical information were grouped
into “other”. In these samples, 100 Phu Quoc ridgeback dogs were sampled in Ho Chi
Minh City and Phu Quoc island, which are in Southern Vietnam (Figure 1).

Lao Cai

U
‘TF J r}/ Lam Dong
4 /,f
Binh Dyong
< Ho Chi Minh city

Figure 1. Sampling sites. SVN (red): 310 samples (Kien Giang: 223, Soc Trang: 21, Binh Duong: 7, Ho
Chi Minh city: 59); CVN (green) 41 samples (Lam Dong: 26, Hue: 15); NVN (blue): 46 samples (Lao
Cai: 15, Ha Giang: 31).

2.2. DNA Extraction

DNA from hair roots was extracted using a previously reported protocol [13]. Forty
hair roots of each dog were soaked and vortexed with lysis buffer (Tris-HCI 10 mM, pH §;
EDTA 10 mM, Triton X-100 1%, SDS 1%) for 30 s and incubated at 50 °C for 20 min. The
solution was then incubated with 5 pL of proteinase K (20 mg/mL) at 50 °C for 1 h for
protein digestion. Lysed DNA was isolated using a phenol:chloroform:isoamyl alcohol
mixture and precipitated in absolute ethanol with NaCl 0.2 M. DNA was then dissolved in
water and stored at —30 °C for further analysis. DNA from blood samples was extracted
using the ISOLATE II Genomic DNA Kit (Meridian Bioscience, OH, US, Cat.no. BIO-
52066). The quantitation and purity of DNA samples were estimated using absorbance
measurements and agarose gel electrophoresis methods.

2.3. DNA Amplification

The 1267 bp CR fragment was amplified using two primers: 15412F, 5-CCACTATCAG
CACCCAAAG-3' and 16625R, 5'~AGACTACGAGACCAAATGCG-3' [14]. The PCR re-
action mixture consisted of 2 uL of template DNA, 0.05 U/uL of Tag DNA Polymerase,
0.2 mM of each dNTP, 0.2 mM MgSO,, 10 mM KCl, 8 mM (NH4),SO4, 10 mM Tris-HCl
(pH 8.8), and 10 uM of forward (15412F) and reverse (16625R) primers in a total volume
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of 20 pL. After a denaturation step (95 °C, 5 min), the amplification was performed in a
Techne TC-3000 (USA) thermocycler for 35 cycles (denaturation at 95 °C for 30 s, primer
annealing at 49 °C for 30 s, extension at 72 °C for 1 min), finalized by an extension step at
72 °C for 5 min. Three microliters of PCR products were analyzed on a 1% agarose gel with
ethidium bromide staining.

2.4. DNA Sequencing

The sequencing of PCR products was carried out by NICEM, South Korea, using
the Sanger method [15] with two primers (15412F, CCACTATCAGCACCCAAAG and
16114R, CCTGAAACCATTGACTGAATAG) [14]. The result of sequencing was evaluated
using FinchTV 1.4.0. Manual editing was performed to reconcile inconsistencies between
forward and reverse sequences. All sequences were aligned with reference sequence [9]
and trimmed using ClustalW [16] and FinchTV1.4.0 to produce 582 bp sequences.

2.5. Haplotyping DNA Sequencing

HV1 haplotypes of 582 bp sequences were identified (Supplementary Materials—Table
S1) using the Haplotype Identifier [17]. Three hundred ninety seven DNA sequences of
Vietnamese dogs in this study were deposited in GenBank under accession nos. MG799222—
MG799321, MG793253-MG793352 and 0Q241527-0Q241723 (Supplementary Materials—
Table S2).

2.6. Data Analysis DNA Sequencing

Data from this study (397 individuals) and previously published data (32 Vietnamese
individuals [5,10]) resulted in a sample set of 429 dogs for analysis. Genetic diversity
measures (nucleotide diversity, haplotype diversity, and average nucleotide difference),
AMOVA, and genetic distances among dog populations were estimated as Fs values
using Arlequin 3.5.2.2 [18]. Minimum-spanning networks were drawn manually accord-
ing to the suggestion of Arlequin 3.5.2.2. To compare the number of haplotypes among
populations, resampling with replacement was implemented with the sample size ad-
justed to 44 (the smallest population, i.e., CVN dogs) and 1000 replications, using in-house
developed software.

3. Results

A total of 397 DNA samples of Vietnamese dogs were sequenced, giving the base
compositions C—27.3%, T—29.99%, A—26.9%, and G—15.81%, similar to previously
reported studies on this region [2,5,10,19,20]. The similarity in the base composition and
the sequence alignment confirmed the mtDNA origin of sequenced DNAs.

There were 56 haplotypes found in the analyzed dogs. These haplotypes belonged to
four different haplogroups: A, B, C, and E. Interestingly, haplotypes E1 and E4, rare in dogs
worldwide, were found with high frequency in Vietnamese dogs (8.2%). Except for one
dog without geographical information, all 34 remaining dogs harboring haplotype E were
in SVN. Of these 56 haplotypes, nine new haplotypes A, two new haplotypes B, and three
haplotypes C were unique to Vietnam dogs. In contrast, most new haplotypes were the new
combination of known mutations; the new haplotypes An3, An7, Cn1, and Cn3 concerned
mutations at new polymorphism sites (15,517, 15,505, 15,479, and 15,933, respectively),
which have not been previously reported. Most dogs (298/429) harbored a particular
haplotype that is universally found across the world (universal type—UT) (233/429) or
that differed by one mutation from the UT (UT-derived—UTd) (65/429) (Table 1). Only
two of the 10 universal types of haplotypes (Bl and C2) were shared in these three groups.
Haplotypes in Vietnamese village dogs were distributed in nearly all haplogroups A, B, C,
and E, i.e, al, a2, a3, a4, a5, b1, b2, c2, and E (Figure 2).
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Table 1. Diversity statistics for Vietnamese dogs.

Regions ABC (DEF) nA (%) nB (%) nC (%) nE (%) nHT nHTres44 HTuq I_Il)e;l:]le(;?i,ge l\gilsfstiit(;e Me];?f?efrl;alicr::ise
Total 394 (35) 232 (54.1) 97 (22.6) 65 (15.2) 35(8.2) 56 18.96 (£ 2.32) 14 0.9210 + 0.0065 0.014819 £ 0.007586 8.639566 == 3.998569
SVN 284 (34) 153 (48.1) 75 (23.6) 56 (17.6) 34 (10.7) 31 15.16 (£ 1.28) 3 0.8994 + 0.0079 0.014596 & 0.007486 8.509454 = 3.945443

Rach Gia 78 (5) 49 (59) 15(181) 14 (16.9) 5 (6) 18 1%

Ha Tien 15 (0) 8 (53.3) 5(33.3) 2(13.3) 0(0) 7 0

Phu Quoc 118 (15) 56 (42.1) 39 (29.3) 23 (17.3) 15 (11.3) 17 1%
Soc Trang 21 (0) 12 (57.1) 4(19) 5(23.8) 0(0) 14 1
Binh Duong 7(0) 6 (85.7) 1(14.3) 0(0) 0(0) 4 0
Ho Chi minh city 45 (14) 22 (37.3) 11(186)  12(203)  14(237) 17 1
CVN 44 (0) 23 (52.3) 15 (34.1) 6(13.7) 0(0) 23 23 5 0.9154 + 0.0327 0.015095 =+ 0.007880 8.800211 - 4.137619
Lam Dong 26 (0) 12 (46.2) 9 (34.6) 5(19.2) 0 (0) 12 2%

Hoi An 3(0) 2 (66.7) 0(0) 1(33.3) 0(0) 12 0
Hue 15 (0) 9 (60) 6 (40) 0(0) 0 (0) 3 3
NVN 55 (0) 50 (90.9) 3(5.5) 2 (3.6) 0(0) 26 224 (+ 141) 7 0.9219 + 0.0242 0.009830 & 0.005304  5.721212 + 2.782501
Sapa 9 (0) 9 (100) 0 (0) 0(0) 0(0) 7 0

Bac Ha 15 (0) 14 (93.3) 1(6.7) 0(0) 0(0) 11 2

Hmong 31 (0) 27 (87.1) 2(6.5) 2 (6.5) 0(0) 15 5
Other 11 (1) 6 (50) 4(333) 1(8.3) 1(8.3) 8 0

ABC (DEF): the number of sequences belonging to the haplogroups A, B, and C (E, D, and F); nA (%), nB (%), nC (%), nE (%): the number of sequences (the percentages) belonging to
haplogroups A, B, C, and E; nHT: number of haplotypes; nHTres44: number of haplotypes with sample size adjusted to 44; HTugq: * share one unique haplotype Cn2.
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Figure 2. Minimum spanning networks showing Vietnam village dog haplotypes (yellow-filled
circles) in the worldwide dog haplotypes (blank circles). The haplogroups A, B, C, D, E, and F are
represented by the letters A, B, C, D, E, and F, respectively.

With its high genetic diversity, the Vietnamese village dog population fits well with
the global picture of canine mtDNA haplotype diversity. In line with the origin of dog
domestication, dogs in the South of the Yangtze River [10], Thailand [21], and Vietnam
have high haplotype diversity with a high number of haplotypes distributed in most
sub-haplogroups. The number of sub-haplogroups decreases in the dog populations from
the origin to other regions, with only five in southwest Asia and four in Europe [21].
The haplotype composition of other dog populations reported was collected to calculate
haplotype and nucleotide diversity (Table 2). This analysis also showed the high genetic
diversity of Thai and Vietnamese populations compared with other dog populations in the
western region of Asia and Europe.

The haplotype diversity in NVN was high due to its location near the Yangtze River,
and these values decreased gradually in south regions (0.9219 & 0.0242, 0.9154 £ 0.0327, and
0.8994 £ 0.0079 for NVN, CVN and SVN, respectively). Although the number of haplotypes
found in SVN was relatively higher than those in CVN and NVN, the re-sampling with the
size 44 showed that the number of haplotypes was low (15.16 & 1.28) while those in CVN
and NVN were around 23. Interestingly, while the haplotype diversity decreased from
north to south, the nucleotide diversity in NVN (0.009830 + 0.005304) was explicitly lower
than that in CVN and SVN (0.015095 £ 0.007880 and 0.014596 + 0.007486, respectively).
Thus, it can be said that dogs in the NVN are genetically close to each other, and the gene
pool is in relative equilibrium.
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Table 2. Haplotype diversity and nucleotide diversity of examined dog populations.

Dog Population Haplotype Diversity Nucleotide Diversity
Serra da Estrela [19] 0.8520 £ 0.0299 0.016842 + 0.008789
Portuguese sheepdog [19] 0.4841 + 0.1094 0.008291 =+ 0.004644
German Shepherd [22] 0.6842 £ 0.0917 0.008681 =+ 0.004928
Maltese dog [23] 0.8046 £ 0.0697 0.011758 £ 0.006335
Kangal [2,20] 0.8407 4 0.0274 0.015272 4 0.007852

Tibetan mastiff [10,22]

0.8063 £ 0.0181

0.006645 £ 0.003724

Shiba [2,24] 0.8161 £ 0.0447 0.012221 £ 0.006563
Jindo [2,10] 0.7308 £ 0.0640 0.006645 + 0.003762
Pungsan [2,10] 0.9064 £ 0.0244 0.011367 £ 0.006090
Thai dog [2,10] 0.9493 £ 0.0124 0.009599 £ 0.005145
Vietnamese dog 0.9210 £ 0.0065 0.014819 £ 0.007586

4. Discussion

The NVN founder population had a high level of genetic diversity, and the descendant
haplotypes arose mainly via in-breeding over time, as evidenced by their relationship. Al-
ternatively, the genetic structure of the CVN and SVN dog populations was more complex.
From the origin of domestication, the migration of dogs from north to south gave lower
haplotype diversity in the dog populations of these regions. However, there were seemly
some events in these regions resulting in the incorporation of new haplotypes (in other
haplogroups) into the populations. Although newly haplotypes were seemingly not able to
not compensate for the loss of haplotypes during the migration, the haplotypes from other
haplogroups (i.e., haplogroup E, apart from haplogroup A and C) and the fixation of new
haplotypes in the population increased the nucleotide diversity. It can be hypothesized
that (1) new E haplotypes were subjected to the SVN populations by inter-breeding hap-
lotype E-harboring female wolves and male dogs during the migration, or (2) haplotype
E-harboring dogs were imported into the SVN dog populations. There is strong and weak
support for each hypothesis. The former could explain the high rate of haplotype E in the
SVN population, but the existence of wolves in Vietnam has not been confirmed so far. The
latter can be readily accepted since the haplotype E-harboring dogs have also been found
somewhere in the world [25], but the high rate of haplotype E in the populations needs a
reasonable explanation.

All over the world, three haplogroups (A, B, and C) are widely distributed within
dog populations. In contrast, haplogroups D, E, and F are rare groups with less than 3%.
Like haplogroups D and F, haplogroup E is distributed in relatively narrow areas such as
Siberia, Japan, Korea, Indonesia, Thailand, and Vietnam [10,12,25,26]. More specifically,
most haplotype E-harboring dogs are in Kien Giang province (Rach Gia city, Phu Quoc
Island) and Ho Chi Minh city. While the proportion of haplogroup E ranges from 3.33% to
7.5% in Shiba, Jindo, Pungsan, and Thai VD, it is incredibly high in Viethamese VD with
8.2% (Table 3).

Li and Zang studied the origin and evolution of 50 Tibetan Mastiffs and their rela-
tionship with other dog breeds worldwide by analyzing 582 bp sequences in the HV1. In
their analyses, only 1.78% of HV1 sequences were found harboring haplogroup D, along
with 0.63% harboring haplogroup E and 0.19% harboring haplogroup F. These haplogroups
are rare and believed to be the result of post-domestication wolf-dog hybridization [27].
Imes et al. (2012) sequenced ~16.7 kb long of the whole canine mitochondrial genome of
100 unrelated domestic dogs. Results showed 35 haplotypes clustering within one of the
four haplogroups (A, B, C, and D) described above. Of these, there were 23 haplotypes pre-
viously observed, along 11 new haplotypes and an ambiguous one. The 10 most frequently
observed haplotypes (A2, All, Al6, Al7, A18, A19, A22, A26, B1, and C3) contributed
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approximately 53% of the sequences [28]. A study on Malagasy dogs found that 100%
of examined samples harbored haplogroups A, B, and C. In some previous studies, Thai
Ridgeback dogs were also included [10,26], which showed that all their HV1 sequences
(seven samples) belonged to the haplogroups A and B.

Table 3. Haplotype and nucleotide diversity of haplotype E in examined dog populations.

Population n No. of Haplotype E Individuals No. of Individuals
Jindo 53 1 3 (6%)
Pungsan 40 1 3 (7.5%)
Shiba 30 1 1 (3.33%)
Thai village dog 105 2 4 (3.8%)
Vietnamese village dog 429 2 35 (8.2%)

As in the case of haplogroups D and F, the number of haplotypes in haplogroup E
was minimal with four different haplotypes; thus, the introduction of haplotype E into
the domestic dog population seems to have occurred long after haplogroups A, B, and
C. Despite belonging to haplogroup E, haplotype E2 was found only in one individual
(Siberian Laika dog) in Siberia, with five nucleotides different from the two closely related
haplotypes E1 and E3 (Figure 3). This haplotype E2 probably resulted from an independent
dog-wolf crossbreeding event when the domestic dog migrated to Siberia. The detection
of domestic dogs harboring haplotype E1 and E4 in Thailand and Vietnam, with dogs
harboring haplotype E1 only being found in East Asia suggested that the origin of E1/E4
haplotype dogs is in Southeast Asia. This dog-wolf crossbreeding could have occurred
at the origin of domestication or during the migration of domestic dogs from the original
domestication place to the south. Crossbreeding between wolves and dogs has happened
many times, giving an admixture with wolves of about 10% [29]. It can be considered that
later crossbreeding should result in dogs being genetically closer to wolves. Hence, these
haplotype E-harboring dogs are genetically closer to wolves than other dogs. However,
further studies on different aspects (such as genetics and behavioral characteristics) of this
hypothesis should be performed.

E2 | C15464 1- A16003G

%116 ,4 f ‘ C15955T

6003 E1 | . E4

Figure 3. Minimum spanning network of haplotypes in haplogroup E.

In Vietnamese village dogs, haplotypes belonging to haplogroups B, C, and E did
not have high diversity (two or three haplotypes). In contrast, most of the recorded
haplotypes belonged to haplogroup A. The network of haplotypes belonging to haplogroup
A shows that the haplotype diversity of the Vietnamese village dog was high. However,
most haplotypes were close to each other, differing only by one or more nucleotides from
the nearest haplotype, except An1, which differed by three nucleotides from the nearest
haplotype. This indicated that the diversity of the current Vietnamese haplogroup A-
harboring dog population was formed by mutations occurring within the population
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during evolution, rarely introduced from other populations. Notably, haplotypes A9 and
A29 were detected in Vietnamese domestic dogs. These are two haplotypes found in
dingoes, in which dogs carrying haplotype A29 are considered the ancestral haplotype of
today’s dingoes.

Another critical point is that two ancient haplotypes, Arcl and Arc2, were also
recorded among Vietnamese domestic dogs through haplotypes A9, A7, A8, and A75.
Due to DNA degradation over time in the archaeal samples, the Arcl and Arc2 haplotypes
were only identified on the basis of nucleotide sequences from positions 15,458 to 15,720 of
the HV1 region. Compared with the haplotypes in the current dog population, haplotype
Arcl may be equivalent to haplotypes A3, A5, A6, A7, A8, and A9 because these haplotypes
have the same sequence region from positions 15,458 to 15,720 and are similar to Arcl. Simi-
larly, Arc2 is equivalent to haplotypes A75, A120, A192, and A194. The differences between
these haplotypes are outside the nucleotide sequence region 15,458-15,720. This analysis
result is entirely consistent with the previous study by Oskarsson et al. [26], confirming
that the Southeast Asian dog is the ancestor of today’s Australian dingo and Polynesian
dog, which is also further evidence for the ancient origin of Vietnamese village dogs. The
new finding in this study was the appearance of haplotype A200 in the two individual dogs
sampled in two provinces in CVN (Lam Dong and Hue province), which has previously
only been detected in the dingo [2]. This similarity could lead to the hypothesis that the
Vietnamese domestic dog was the first dog to migrate to Australia, forming the dingo
population. However, more complete studies are needed with dog samples collected from
other parts of Southeast Asia to confirm this hypothesis.

5. Conclusions

Vietnam village dogs have a high level of haplotypes A, B, and C, as well as the rare E
haplogroup; the nucleotide diversity compared to other dog breeds in the world, together
with the close relationship between haplotypes, indicates high genetic diversity and their
ancient origin. The study contributes to strengthening the theory of the domestication of
dogs to the south of the Yangtze River and the Southeast Asian origin of the dingo. In
addition, the detection of haplotype A200 in the Vietnamese domestic dog population also
provides a more detailed hypothesis about the origin of the dingo.
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