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SUMMARY 

 Nuclear insertions of mitochondrial DNA sequences (numts) can introduce errors in 
population genetic studies using mitochondrial DNA markers (mtDNA markers). Despite 
their prevalence in mammalian genomes and the potential risk of contamination with 
mtDNA markers, adequate precautions are often overlooked. When investigating the genetic 
diversity of Vietnam sheep, we found numt contamination in D-loop amplification. 
Consequentially, to continue, we conducted a comprehensive in silico survey of numts using 
the reference genomes from the NCBI database. We identified four so-called “mega-numts” 
that are not only highly similar in sequence to the mitogenome but also span a large part of 
it, thus posing a serious problem for amplifying authentic mtDNA markers. We 
demonstrated the existence of two numts in three randomly selected Vietnam sheep 
individuals. Based on the assumed mutation rate of the D-loop region, we proposed a 
sequence identity threshold to help distinguish authentic D-loop sequences from their 
corresponding numts when studying contemporary sheep populations. We hope this study 
can serve as a guideline for future research into Vietnam sheep using mtDNA markers. 

Keywords: Contamination, D-loop, Dorper sheep breed, numt, Phan Rang sheep breed, 
Vietnam sheep 

INTRODUCTION 

 Mitochondria, the powerhouse of 
eukaryotic cells, are theorized to have 
originated from a symbiotic relationship 
with an alpha-proteobacterium. These 
organelles possess their own distinct DNA, 
known as mitochondrial DNA (mtDNA) or 

mitogenome, which stands apart from the 
nuclear genome. Since the pioneering studies 
by Avise (1986) and Mortiz et al. (1987), 
mtDNA markers have risen in prominence 
for tracing matrilineal inheritance, relying on 
principles of clonal inheritance, presumed 
neutrality, and a consistent mutation rate 
(Galtier et al., 2009). Despite these 
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advantages, the indiscriminate application of 
mtDNA markers raises concerns, 
particularly due to contamination by nuclear-
inserted mitochondrial sequences, (numts). 
A survey of mammalian genomes illustrates 
the prevalence of numts, ranging from a 
single insertion in Caenorhabditis. elegans 
to a multitude in the platypus, with 
phylogenetic studies dating insertions from 
as recent as 680 thousand years ago to as far 
as 97.5 million years ago (Calabrese et al., 
2017). 
 Numts and recommendations for caution 
in the use of mtDNA markers have been 
documented across various species, 
including humans (Simone et al., 2011; Xue 
et al., 2023), goats (Hassanin et al., 2010; 
Ning et al., 2017), cattle (Liu, Zhao, 2007; 
Grau et al., 2020), and birds (Lucas et al., 
2022; Baltazar-Soares et al., 2023). In the 
realm of sheep genetics, Féménia et al. (2021) 
conducted an in silico survey of numts using 
the reference genomes from NCBI GenBank, 
and Mustafa et al. (2018) highlighted the 
potential for mtDNA marker contamination 
by numts in genetic studies. Despite these 
issues, mtDNA markers remain a tool of 
choice for many geneticists and ecologists 
due to their cost-effectiveness compared to 
whole mitogenome or whole nuclear genome 
analyses (Galtier et al., 2009; Ibrahim et al., 
2023). As for sheep, several previous studies 
have made use of the D-loop region to study 
the genetic diversity of sheep (Zhao et al., 
2011; Zhao et al., 2013; Othman et al., 2015; 
Ibrahim et al., 2020; Kamalakkannan et al., 
2021; Germot et al., 2022; Salim et al., 2023)  

 The Phan Rang sheep, often considered a 
native Vietnamese breed, has debated origins, 
with some local accounts suggesting 
introduction from India via Malaysia 
Kelantan region, while other sources point to 
importation from Europe during French 

colonial times (Le, Le, 2005; Doan et al., 
2006). This breed, named after its initial 
rearing location in Phan Rang City, Ninh 
Thuan Province, had been traditionally 
confined to the regions for nearly a century. 
Recent efforts to expand their range have 
achieved mixed results (Bui, 2014; Ngo, 
2014). 
 Amidst efforts by the local authorities to 
enhance the productivity and disease 
resistance of Phan Rang sheep through cross-
breeding with newly imported breeds such as 
Australian Dorper or White Suffolk rams (Le, 
Le, 2005), there is a looming risk of diluting 
or even losing the unique genetic resources 
of the Phan Rang sheep. Our research 
investigated the genetic makeup of the Phan 
Rang sheep, particularly focusing on 
maternal lineages by employing the control 
region (D-loop). However, during our 
cloning attempts of the D-loop from the Phan 
Rang and Dorper sheep, we were 
confounded by numt contamination, leading 
us to conduct a comprehensive examination 
of numts in contemporary sheep breeds in 
general and Vietnamese sheep breeds in 
particular. This report presents our 
preliminary findings on numts within both 
the reference sheep genomes and the Phan 
Rang sheep and Dorper sheep bred in 
Vietnam. Our objective is to arm future 
researchers with the necessary insights to 
circumvent the challenges posed by numts in 
the genetic analysis of Vietnamese sheep 
breeds. 

MATERIALS AND METHODS 

Sample collection 

 The study used blood samples obtained 
from 57 ewes, of which 49 were from Ninh 
Thuan Province and 8 from Son Tay’s Goat 
and Rabbit Research Center. Among these 
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53 ewes were Phan Rang sheep and 4 ewes 
were Dorper. The Son Tay’s Goat and Rabbit 
Research Center has been housing Phan 
Rang sheep for decades. Approximately 2 
mL of blood were taken from the jugular 
veins of sheep by the certified local 
veterinarians. The blood samples were 
preserved in EDTA anticoagulant tubes at 4 
oC to 8 oC until use. For long-term storage, 
the blood samples were stored at –80 oC. 

DNA extraction and PCR conditions 

Total DNA was extracted using the 
FavoPrepTM Blood/Culture Cell Genomic 
DNA Extraction Mini Kit (Farvogen, Cat No. 
FABGK 001-2). DNA concentrations were 
determined at 260/280 nm with the 
spectrophotometer and 0.8% agarose gel 
electrophoresis. 

All PCR reactions in this study employed 
proofread Taq polymerase. In particular, all 
D-loop samples were amplified with Phusion 
High-Fidelity Taq Polymerase 
(Thermofisher Scientific, Cat No. F350S). 
For fragments over 3 kb, PlantinumTM 
SuperFiTM DNA Polymerase (Thermofisher 
Scientific Cat No. 12351010) was used. To 

minimize numts contamination, for D-loop 
amplification approximately 30–50 ng of 
total DNA was used as a template, while for 
numt amplification 100–150 ng of DNA was 
used as template. 

 The settings for D-loop amplification are 
as follows: Denaturing at 98 oC for 2 min 
followed by 30 cycles of 98 oC for 30 sec, 60 
oC for 30 sec and 72 oC for 30 sec. It ended 
with 10 mins at 72 oC followed by 10 mins at 
4 oC. The settings for larger fragments (>7 kb) 
from mtDNA are as follows: Denaturing 98 
oC for 2 mins followed by 10 cycles of 98 oC 
for 30 sec, 62 oC for 30 sec and 72 oC for 3 
mins (15–30 sec per kb), followed by 25 
cycles of 98 oC for 30 sec, 62 oC for 30 sec 
and 72 oC for 5 mins. The reaction ended 
with 72 oC for 10 mins followed by 4 oC for 
10 mins. For numts amplification (~ 3 kb), 
the same setting for mitogenome fragment 
amplification was utilized, but the amount of 
template was increased threefold. 
 The primer pairs used for the 
amplifications above are provided in table 1. 
All PCR products were analyzed on a 1% 
agarose gel and purified using the Favorgen 
Gel/PCR Purification Kit (Cat No. FAGCK 
001-1). 

Table 1. Sequences of the primers used in this study. 

Primer name Primer sequences (5’ à 3’) 

D-loop F CCAGAGAAGGAGAACAACCAA 
D-loop R GCATTTTCAGTGCCTTGCTT 
F1-F TCACCATTTCGGTTTCGAAGCC 
F1-R TGTTACGACTTGTCTCCTCTCG 
NumtsX-F TGGTGTGCTAGGGAATCTTGAC 
NumtsX-R CCGGTAGTACTCTGGCGAATAA 
Numts6-F1 GAGTTAAAGCTATAATCCTTACAGTCC 
Numts6-R1 CCGATTAGGTTGATTGATGGG 
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Cloning, sequencing and analysis 

 The PCR products from the amplification 
of the D-loop region were submitted for 
direct sequencing to Asia FirstBase using 
amplification primers. In cases where 
sequencing results were of suboptimal 
quality, indicated by the presence of double 
peaks or insufficient length (<1000 bp), the 
PCR products were then cloned into pGEMT 
Easy vector for subsequent resequencing. 
The chromatogram files were visually 
examined, and low-quality regions and/or 
vector regions were trimmed before the 
forward and reverse sequencing results were 
joined into contigs using Snapgene version 7. 
From Snapgene, sequences were extracted 
into a fasta format for GenBank submission. 
All the D-loop sequences and contaminated 
numts sequences were submitted to 
GenBank through Bankit for accession 
numbers. The sequences were blasted 
against the GenBank database to ascertain 
the identity of D-loop, which is limited to 
domestic sheep sequences. Discontiguous 
BLAST was used to enhance the sensitivity 
and specificity of the search. The definitive 
proof of D-loop authenticity is established by 
a sequence identity of 98% or higher, 
coupled with 100% coverage when 
compared to any sequence in the GenBank 
database. 

 The D-loop sequences of the Phan Rang 
sheep were aligned for the pairwise distances 
by using MEGA 11 (Tamura et al., 2021) 
using the MUSCLE algorithm. The mega-
format file was exported and used as an input 
for pairwise distance matrix construction 
using MEGA 11. Subsequently, the matrix 
was converted into a histogram of sequence 
identity percentages by Excel. The same 
procedure was applied when determining the 
maximum and minimum sequence identity 

percentages among domestic sheep and wild 
sheep.     

In silico analysis of numts and D-loop 

 We conducted an in silico analysis to 
identify nuclear mitochondrial DNA 
segments (numts) within the sheep nuclear 
genome. Utilizing the reference sheep 
mitochondrial genome (accession number 
NC_00194.1) as our query sequence, we 
searched against the sheep reference nuclear 
genome (GCF_016772045.1). To 
accommodate the circular structure of the 
mitogenome vs. linear structure of numts, 
and to ensure identification of the complete 
numts sequences, we systematically shifted 
the starting base of the mitogenome by 
intervals of 1000 bases. Discontiguous 
BLAST was employed to enhance sensitivity. 
From the BLAST results, we selected so-
called mega-numts, which are long in 
sequence and share a high sequence identity 
with the mitogenome. 
 To establish a sequence identity 
threshold for distinguishing authentic D-loop 
sequences from their numts counterparts, we 
used the D-loop region from the reference 
mitogenome as a query in a BLAST search 
against the sheep nucleotide sequence 
database, in another word NCBI GenBank 
limited to domestic sheep sequences. The 
BLAST results were sorted for the 
nucleotide sequence identity, categorized 
into bins, and visually presented in a plot 
generated using Microsoft Excel. To 
estimate the minimum percentage of 
sequence identity between D-loop regions 
from two distinct sheep breeds, we made 
several assumptions. First, since the rate of 
mutation of the D-loop region in sheep is not 
available, we extrapolated the rate of 
mutation of the D-loop region from cattle 
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(Mona et al., 2010). Second, we adopted the 
theory that sheep were domesticated 
approximately 12,000 years ago (Lv et al., 
2015; Deng et al., 2020). We then calculated 
the expected number of mutations 

accumulated over the domestication period 
using the mutation rate per nucleotide and 
the total nucleotide count of the complete D-
loop region. Hence, the percentage sequence 
identity (PSI) is calculated as follows: 

 

PSI=100%
(Total D-loop nucleotide count	-	2	x	total No	of	mutations) 

Total D-loop nucleotide count 	 

       
 Where the total number of mutations can 
be calculated from the formula 
 Total number of mutations = (mutation 
rate/site/year) x number of years x total D-
loop nucleotide count. 

 Two means that for any two 
contemporary sheep breeds evolving 
independently from the common ancestor, 
the maximum number of mutations will 
be the sum of the total number of 
mutations from each breed.  

 Therefore, given any two contemporary 
sheep breeds, the maximum number of 
nucleotide differences in their D-loop 
regions is: 2 x [(mutation rate/site/year) x 
12,000 years x 1180]. 

Demonstration of numts presence in the 
Phan Rang sheep nuclear genomes 

To establish the proof of numts presence 
in Phan Rang sheep, we designed two pairs 
of primers targeting regions on chromosome 
6 (Chr. 6) and chromosome X (Chr. X). 
These regions span the flanking region 
outside the corresponding numts at the 5’ end 
and extend into the numts at the 3’ end. 
PrimerBLAST was employed to design these 
primers. Three sheep were randomly 
selected for PCR. The results were analyzed 
on a 1% agarose gel. 

RESULTS AND DISCUSSION      

Sample collection and total DNA 
extraction 

 Total DNA (100 µ L for each) was 
successfully extracted from the blood of 57 
ewes. A single band over 10 kb was 
visualized on the 0.8% agarose gel with little 
or no smearing (Figure 1A). The 
concentration of total DNA ranged from 35 
to 50 ng/µL with 260/280 ratios within 1.9– 
2.0. The DNA samples were stored at –80 oC 
for subsequent experiments.  

The D-loop sequences from the Phan 
Rang sheep 

 All D-loop amplification attempts 
consistently produced bands of 
approximately 1.2 kb (Figure 1B). The final 
sequences were obtained after sequencing of 
the direct PCR products or clones and 
deposited in the NCBI GenBank database, 
with accession numbers: OR683520 to 
OR683588. Analysis of the 57 obtained 
sequences revealed three with notably low 
sequence identity to any D-loop sequences in 
GenBank (below 90%). BLAST searches 
against the reference nuclear genome 
revealed that two sequences (OR683589 and 
OR683590, belonging to the Phan Rang 
breed) shared 99.6% sequence identity with 
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the numts on Chr. X of the Rambouillet 
nuclear reference genome. The third 
sequence (OR683591, from the Dorper breed) 
showed only 91% identity with a numts on 
Chr. 2, suggesting numts contamination. To 
circumvent this, the contaminated D-loop 
sequences were reamplified using an 
alternative strategy that entailed the initial 
amplification of a larger fragment of the 
mitogenome encompassing the D-loop 
region but not fully overlapping with any 
known numts. These were then used as 
templates for subsequent D-loop 
amplification. The corrected sequences have 
been deposited in GenBank with accession

numbers OR921192 to OR921194. 
 The presence of numts in sheep has been 
previously documented (Féménia et al., 
2021). However, our findings highlight a 
significant knowledge gap, as only numts 
from the reference genome are readily 
available, and the numts from the Dorper 
breed exhibit just 91% identity with the 
reference numts. This underscores the need 
for further research into numts across diverse 
sheep breeds, as the consequences of 
misidentification or overlooking numts 
contamination in mtDNA-based genetic 
studies can lead to substantial inaccuracies in 
ovine populations. 

 
Figure 1. Representative results of total genomic DNA extraction and D-loop PCR from Vietnamese 
sheep. A. Total genomic DNA extracted from sheep whole blood; B. D-loop PCR results. The arrows 
indicate the expected positions. 

 
In silico analysis of numts from the 
reference genomes 

Following the work of Féménia et al., 
(2021), we attempted to thoroughly survey the 
numts in sheep using the reference 
mitogenome and nuclear genome. We 
particularly paid close attention to numts that 
share high sequence similarity with the 
mitogenome, particularly in regions 
corresponding with popular mtDNA markers 
such as D-loops, CtyB, and COX1. Table 2 

shows some numts that have been identified as 
posing a risk of contaminating mtDNA 
markers and figure 2 shows these numts 
mapped onto the mitogenome. We are 
interested in so-called mega-numts, which 
include numts on Chr. 6, Chr. X, and Chr. 12 
and span more than one-third of the 
mitogenome and share a very high sequence 
identity with them. These numts also contain 
regions that are highly similar to D-loop, CytB, 
and COX1, which can potentially lead to 
misidentification. Besides these mega-numts, 
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which may hinder the amplification of full 
mitogenome, there are small numts scattering 
across the genomes, posing a contamination 

risk to studies involving amplifying a 
particular mtDNA marker. The OR683591 
sequence is one example of such small numts. 

 
Table 2. Some mega-numts, their positions on the chromosome, their sequence identities compared 
to the mitogenome, and their sequence identities compared to the mtDNA markers. 

Positions on chromosome Sequence identity with 
the mitogenome 

Sequence identity with 
common mtDNA markers 

Chr. X (59766804…59780263) 98% 97.99% (COX) 

Chr. 6 (27830487… 27841033) 99% 98.68% (CytB), 97.3% (D-loop) 

Chr. 2 (55748565… 55758677) 93% 92.1% (COX) 

Chr. 12 (27346074… 27353266) 97% 97.02% (COX) 

Chr. 4 (77469321… 77477352) 92% 91.59% (COX) 

 
Figure 2. Mega-numts mapped to the mitogenome. The positions of D-loop primers and the primers 
used to amplify the fragment containing the D-loop without co-amplifying numts were shown (Drawn 
using Snapgene version 7). 
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Confirmation of numts presence in Phan 
Rang sheep 

 To obtain further evidence of numts 
presence in Phan Rang sheep, we designed 
two pairs of primers that exclusively 
amplify the regions on Chr. 6 and Chr. X 
without co-amplifying the mitogenome. 

The primer sequences can be found in table 
1. We tested the primer pairs on three 
randomly selected sheep. The results are 
shown in figure 3. Although we have not 
sequenced the PCR products, the fact that 
PCR results turn out positive partly 
confirms the presence of numts in the Phan 
Rang sheep genomes. 

 
Figure 3. Demonstration of numts presence in three randomly selected Phan Rang sheep using PCR. 
A Partial numts from Chr. X and B Partial numts from Chr. 6. 

 
Establishing guidelines for authentication 
of D-loop amplification 

 Given the widespread use of mtDNA 
markers in sheep genetic studies (Zhao et al., 
2011; Zhao et al., 2013; Othman et al., 2015; 
Ibrahim et al., 2020; Kamalakkannan et al., 
2021; Germot et al., 2022; Salim et al., 2023), 
caution against numts contamination is 
essential. From a literature review, the 
suggestions for use due to this caution of 
numts contamination are not always 
exercised. For instance, Lv et al., (2015) 

used 21 primer pairs to amplify the sheep 
mitogenome, with many potentially 
amplifying numts. Likewise, Niu et al. (2017) 
utilized 15 primer pairs for the Tibetan sheep 
mitogenome without addressing numts 
contamination, risking inaccurate variance 
calling. 

 To investigate whether numts might have 
been reported as D-loop in NCBI GenBank, 
we used the reference mitogenome as the 
query to search for homologous sequences in 
the nucleotide collection, i.e., GenBank. 
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When ranking these sequences according to 
their sequence identity, we observed a 
sudden drop in the number of sequences with 
identities lower than 98% and lower than 95% 
(see Figure 4).  

 Given that sheep have only been 
domesticated for about 12,000 years at 
maximum, we can establish another line of 
evidence to authenticate the D-loop. Given 
that the length of the D-loop is 1180 base 
pairs, and the mutation rate of approximately 
7.6x10-7 per site per year, extrapolated from 
cattle (Mona et al., 2010), we deduced that 
any two given contemporary sheep breeds 
would have a total of 22 nucleotide 
differences at most in their D-loop regions. 
This amounts to a minimum identity of 
approximately 98%. 

 The plot derived from the pairwise 
distance matrix of the Phan Rang sheep 
showed a somewhat similar pattern to the 
plot from the BLAST search (see Figure 4). 
Most Phan Rang sheep share a percentage 
sequence identity above 96%. Although 
Phan Rang sheep were imported into 
Vietnam just over a century ago, they came 
from many sources; therefore, their mtDNA 
should reflect the diversity of their origins. 

 Substantial evidence has been gathered to 
support a consensus theory about sheep 
domestication and migration. In terms of 
mtDNA, sheep can be thought of as 
consisting of two major haplogroups, 
haplogroup A and haplogroup B, with 
haplogroup A dominating Europe and Africa, 
while haplogroup B dominating Asia. 
Haplogroup B migrated from the region 
around present-day Turkey to Mongolia then 
split into two subgroups, in which one 
migrated to India and the other to China (Lv 
et al., 2015; Deng et al., 2020; Macho vá et 

al., 2022). Therefore, we can find another 
line of evidence to establish the authenticity 
of the D-loop sequences. By determining the 
maximum and minimum percentage 
sequence identity among domestic sheep 
breeds from different geographical regions 
the values were corresponded to two major 
sheep haplogroups. Table 3 shows the 
pairwise distances among domestic sheep 
breeds and among domestic sheep breeds 
with their wild cousins. The highest 
sequence identity is between the Bashbay 
breed and the Merino breed (99.4%) while 
the lowest is between the Yecheng breed and 
the wild sheep (93.9%). Sheep belonging to 
the same haplogroup share a sequence 
identity higher than 99%, while sheep 
between haplogroups share a sequence 
identity higher than 96%.  

 Given the extensive sequencing of D-
loop regions across various contemporary 
sheep breeds, whose sequences are readily 
accessible in GenBank, it is highly unlikely 
that a D-loop sequence from an unknown 
domestic sheep breed would not exhibit high 
similarity to existing sequences in the 
database.  Taken together, we suggest that 
when a BLAST search of a putative D-loop 
sequence yields hits with a percentage 
sequence identity lower than 98%, it’s 
recommended to suspect numts 
contamination. 
 One major limitation of this study is that 
we have not addressed the problem of mega-
numts, which may interfere with 
mitogenome enrichment and sequencing. 
Mega-numts span more than one-third of the 
mitogenome and can easily be mistaken for 
the latter if due care is not taken. Whole 
mitogenome sequencing therefore should 
take into account numts as well as mega-
numts to eliminate false variance callings.    
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Table 3. Pairwise percentage sequence identity among contemporary domestic sheep breeds and 
their wild cousin. The highest and lowest sequence identities are in bold. The accession number for 
the mitogenome of the breeds can be found below. 

  Bashbay Yecheng Merino Turkey Oxford Swiniarka Sunite 
Bashbay               
Yecheng 99.4%             
Merino 99.8% 99.4%           
Turkey 96.4% 96.6% 96.6%         
Oxford 96.2% 96.4% 96.4% 99.6%       
Swiniarka 96.4% 96.4% 96.6% 99.8% 99.6%     
Sunite 99.7% 99.3% 96.6% 99.6% 96.4% 96.6%   
Wild_sheep 94.3% 93.9% 94.55 94.2% 94.0% 94.2% 94.7% 

Note: Accession number for the breeds: Bashbay (KF938330), Yecheng (KF938338), Merino 
Australia (HM236174), Karakas Turkey (HM236176), Oxford_down (KF938359), Swiniarka 
(KF938349), Sunite (KF938317), Wild sheep/Ovis vignei (HM236186). The highest and lowest 
percentage sequence identities among the sheep being compared are bolded. 

    
Figure 4. Plots of frequencies of sequence identity for the D-loop region of sheep. A. Frequencies of 
D-loop by percentage sequence identities between the D-loop from the reference mitogenome and 
other D-loop sequences available in GenBank; B. Frequencies of D-loop by percentage sequence 
identity among Phan Rang sheep in this study. (pwd) = pairwise distances) 
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CONCLUSION 

 In this study, prompted by the incident of 
numts contamination in our Phan Rang sheep 
genetic study using the D-loop as the marker, 
we conducted a comprehensive in silico 
survey of numts in the sheep nuclear genome. 
Four mega-numts were identified on Chr. X, 
Chr. 6, Chr. 2, and Chr. 12. From the 
literature survey, it can be seen that the issue 
of numts contamination in sheep has not 
been taken with sufficient precaution. The 
fact is that one of our numts is slightly 
different from the numts of the reference 
genome indicates potential variance of numts 
sequences among sheep breeds. The 
presence of two numts in three randomly 
selected Phan Rang sheep was demonstrated. 
Our method can be extended to other popular 
mtDNA markers, such as Cytb and COX1. 
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Supplementary Figure 1. Maps of mega-numts found using the reference mitogenome as a query 
searched against the reference nuclear genome. The positions of primers to amplify full sequences 
of the mega-numts as well as the positions of the primers used to demonstrate the presence of numts 
in Phan Rang sheep were shown. A. numts from Chr. 6; B. numts from Chr. X; C. numts from Chr. 2; 
D. numts from Chr. 12. 


