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ABSTRACT 

 

MTAXI: A COMPARATIVE TOOL FOR TAXON IDENTIFICATION OF 
ULTRA LOW COVERAGE ANCIENT GENOMES 

 
 
 

Atağ, Gözde 
Master of Science, Biology 

Supervisor : Prof. Dr. Mehmet Somel 
 
 

August 2023,  66 pages 

 

 

Taxon identification of closely related species based on morphology using skeletal 

remains is a challenging task, especially when the remains are fragmented. If the 

species pair to be identified both have similarly good quality nuclear reference 

genomes, ancient DNA (aDNA) extracted from the remains can be shotgun 

sequenced, and a comparative alignment to both references can be of use. However, 

this may also fail with low coverage data. Here, we present a novel, alternative 

method, MTaxi, which works with highly accessible mitochondrial DNA (mtDNA). 

MTaxi utilizes mitochondrial transversion type substitutions in order to assign the 

sequence reads of candidate species pairs to one of the taxa, does a binomial test to 

the proportion of reads and determines the sample taxon. Sheep/goat and 

horse/donkey data are suitable to test MTaxi on, as their zooarcheological 

classification can be problematic in ways that exemplify the case. On simulated 

ancient genomes, MTaxi was successful with down to 0.3x mtDNA coverage for 

both species, without any false positives. We also tested our tool on real ancient 

sheep/goat and horse/donkey samples, which again yielded 100% accuracy. Overall, 



 
 
 
 

 
 

vi 
 

MTaxi provides a simple but effective approach for the classification of closely 

related species pairs, using ultra low coverage aDNA data. 

 

Keywords: Ancient DNA, Bioinformatics, Mitochondrial DNA, Taxon 

identification 
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ÖZ 

 

MTAXI: ULTRA DÜŞÜK KAPSAMLI ANTİK GENOMLARIN TAKSON 
SINIFLANDIRMASI İÇİN KARŞILAŞTIRMALI BİR ARAÇ 

 
 
 

Atağ, Gözde 
Yüksek Lisans, Biyoloji 

Tez Yöneticisi: Prof. Dr. Mehmet Somel 
 

 

Ağustos 2023, 66 sayfa 

 

Morfolojiye dayalı olarak iskelet kalıntıları kullanılarak yakın türlerin taksonomik 

sınıflandırılması sırasında, özellikle kalıntılar parçalanmış olduğunda çeşitli 

zorluklarla karşılaşılmaktadır. Eğer tanımlanması gereken tür çiftinin benzer kalitede 

çekirdek referans genomları bulunuyorsa, kalıntılardan elde edilen antik DNA 

(aDNA) dizilenerek, her iki referansa karşılaştırmalı hizalama yapılabilir. Ancak, bu 

yaklaşımın başarısı, örneğin genom kapsamının ne kadar düşük olduğuna bağlı 

olarak değişebilir. Bu çalışmada, yüksek erişilebilirlikteki mitokondriyal DNA 

(mtDNA) kullanarak, MTaxi adında yeni bir alternatif yöntem sunulmaktadır. 

MTaxi, aday tür çiftlerinin dizi okumalarını taksonlardan birine atamak için 

mitokondriyal transversiyon tipi türler arasında fark gösteren değişimleri kullanır ve 

okuma oranlarına binom testi yapılarak örnek taksonu belirlenir. MTaxi'yi test etmek 

için arkeolojik sınıflandırmaları özellikle sorunlu olabilecek koyun/keçi ve at/eşek 

verileri kullandık. Simüle edilmiş antik mitogenomlar üzerinde yapılan analizler ile, 

MTaxi'nin her iki tür için de 0.3x mtDNA kapsamında başarılı olduğunu ve yanlış 

pozitif sonuçlar vermediğini belirledik. Ayrıca, yayınlanmış antik koyun/keçi ve 

at/eşek örneklerinde de %100 doğruluk elde ettik. MTaxi, antik DNA çalışmalarında 
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ultra düşük kapsamlı verileri kullanarak birbirine yakın tür çiftlerinin 

sınıflandırılması için etkili bir yaklaşım olarak kullanılabilir. 

 

Anahtar Kelimeler: Antik DNA, Biyoinformatik, Mitokondriyal DNA, Takson 

tanımlaması 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Archeofaunal Materials 

In fields of natural and social sciences, zooarchaeological remains - animal remains 

excavated from archeological sites -  have been widely used when addressing a large 

scope of concepts, which range from demographic histories of the sampled species 

to the animal exploitation practices of past human groups (Braje et al., 2017; Costa 

& Barri, 2018; Gifford-Gonzalez, 2018; Murray, 2008; Steele, 2015; Wolverton, 

2013) .  

Considering wild animal populations, past demographies can inform about the 

spatio-temporal ecological dynamics using the abundance and distribution data 

obtained from the excavated species remains (Braje et al., 2017; Costa & Barri, 

2018). These data can also be made use of as an input for Ecological Niche Models, 

which model species distributions based on occurrence data. As these models take 

climatic conditions  into account, population responses to various environmental 

conditions can be inferred, which can be crucial for the field of conservation biology 

(Murray, 2008; Wolverton, 2013).  

At the same time, remains from exploited animal populations can inform about the 

prehistoric human societies who were involved with the management and breeding 

of these animals. For instance, with species abundance and diversity data obtained 

from the remains, we can gain insights on the past subsistence strategies (Gifford-

Gonzalez, 2018; Steele, 2015). Knowing the timing and intensity of these practices 

is essential to have an idea about the progression of past lifeways, which in turn had 

an effect on cultural construction. 
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All the aforementioned uses of archeofaunal material require accurate taxonomic 

identification of the excavated remains. 

1.1.1 Challenges in Morphological Identification 

One issue about archeological skeletal remains is that they get highly fragmented 

over the years. Morphological identification using small bone fragments is highly 

challenging, and considering the possible missing fragments, the challenge can get 

even harder. On top of this, a high level of similarity between skeletal elements of 

closely related species often causes ambiguities. The absence of morphological 

markers in subadults is also another constraining factor (LeFebvre & Sharpe, 2018). 

1.1.2 Existing Molecular Methods  

As multiple fields of research make use of archeofaunal remains, the need for 

accurate taxonomic identification of morphologically non-identifiable samples has 

led to the development of various methods that use different biological molecules. 

One of them is protein fingerprinting, specifically collagen. Utilizing the abundant 

type 1 collagen in bone, species-specific peptide markers are analyzed by mass 

spectrometry, a method called ZooMS (Buckley, 2018; Buckley & Kansa, 2011). 

Isotope analysis is another method used for taxon identification, which focuses on 

stable carbon isotopes to compare dietary signatures (Balasse & Ambrose, 2005). In 

addition, there exists several different methods that use ancient DNA (aDNA) with 

comparative analyses in species identification, as will be explained in the following 

(Feuerborn et al., 2020; Kahila Bar-Gal et al., 2003; Lan et al., 2019; Newman et al., 

2002; Parson et al., 2000; Schubert et al., 2017; Wolfhagen & Price, 2017). 
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1.2 Ancient DNA 

 

The DNA extracted from ancient remains is referred to as ancient DNA (aDNA). 

aDNA extracted from archeofaunal remains can yield a wealth of information. 

Beyond identifying species and population identity, by analyzing the genetic 

properties of the ancient populations, such as the genetic diversity within a group or 

the level of heterozygosity and genetic load in individuals, one can infer the past 

effective population size, degree of inbreeding and possible gene flow from other 

populations (Orlando et al., 2021).  

First, these inferences can benefit animal genomics and conservation studies. 

Observing the genomic changes and erosion in the currently extinct species is a way 

to understand which factors play a role in the extinction process. Moreover, studying 

the past population genetics of  species which are currently endangered can give 

ideas on actions to be taken (Hofman et al., 2015). Considering the immense number 

of endangered species, priority decisions can be revised using aDNA results coupled 

with current metrics to estimate conservation status. Since population 

reintroductions and genetic rescue (i.e. facilitation of gene flow from another 

population) efforts without reviewing the population genetics may have negative 

outcomes, having extensive information on the population history of the species 

becomes even more crucial (Teixeira & Huber, 2021).   

Second, the history of animal domestication by prehistoric societies can be traced by 

studying the genomes of ancient domestic animals (Frantz et al., 2020). The process 

of human manipulation on wild animals resulting in artificial selection has genomic 

effects that are observable in present-day domestic species. aDNA data is useful for 

the identification and study of genomic regions that are responsible for the domestic 

traits that were selected by past human groups and are still desired by present day 

animal husbandry practitioners (W. Wang et al., 2019). In addition, ancient domestic 

animal genomes can shed light on the origins of domestication. Comparative 
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genomic analyses can help pinpoint the domestication centers and the movement of 

these animals along with the past human groups, which can in turn give information 

about human mobility and migration in the ancient times  (de Barros Damgaard et 

al., 2018; Taylor et al., 2021; Yurtman et al., 2021) . 

1.2.1 Challenges in ancient DNA analyses 

The preservation of DNA in ancient samples is an important issue in aDNA studies. 

Factors that have an impact on DNA preservation include temperature, humidity and 

the type of soil. Microorganism and intracellular nuclease activities, hydrolytic and 

oxidative processes are amongst the processes responsible for DNA degradation. 

Depending on the environmental factors, the effect of these processes becomes 

variable (Allentoft et al., 2012; Dabney et al., 2013). These effects result in 

fragmentation of DNA sequences (Figure 1.1), thus, aDNA data usually comprise 

short reads (~70 bp). Another resulting property observed in aDNA data is a low 

proportion of endogenous DNA (the DNA that belongs to the organism sampled) 

within DNA isolates from ancient samples (Carpenter et al., 2013), such that the 

majority of the extracted DNA belongs to the microorganisms that invaded the 

specimens (≥99% in most degraded samples).  

 

Another unique property of aDNA is the ends of aDNA molecules containing high 

numbers of deaminated cytosine residues ((Allentoft et al., 2012; Dabney et al., 

2013), Figure 1.1). Deamination of cytosine (C) to uracil (U) results in the 

incorporation of adenine (A) by the DNA polymerase into the opposite strand during 

the filling of single stranded ends of aDNA molecules, and the incorporation of 

thymine (T) across the adenine during PCR amplification. Consequently, in the 

aDNA data, there exists a considerable amount of C to T and G to A substitutions, 

depending on the sequenced strand (Dabney et al., 2013). These post-mortem 

damage-induced nucleotide substitutions can confound downstream analyses 

significantly. Therefore, in the aDNA field, several strategies are in use to avoid this. 
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One conservative approach is to limit the analyses to transversions, which leads to 

the loss of a large amount of the data. Using models for ancient DNA damage 

patterns to select the sites to work with is an alternative (Link et al., 2017; Skoglund 

et al., 2014). Trimming the ends of the sequence reads where the substitutions can 

occur, or masking the regions that can be affected from post-mortem damage 

(https://github.com/etkayapar/bamRefine), are amongst the other options. Damage 

can also be removed chemically: Uracil-DNA Glycosylase (UDG) treatment prior to 

sequencing also removes the uracils from ancient molecules (Rohland et al., 2015). 

 

 

Figure 1.1 Ancient DNA fragmentation and deamination. (A) Fragmentation due to 

depurination. (B) Deamination leading to miscoding lesions. Adapted from 

(Dabney et al., 2013). 

 

https://github.com/etkayapar/bamRefine
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In temperate, humid and warm regions, DNA is mostly poorly preserved (Allentoft 

et al., 2012). Additional degradation may be caused by human-mediated heat 

treatment or cooking before consumption (Ottoni et al., 2009). Poorly preserved 

samples like these yield very low amounts of endogenous DNA, down to 1% or even 

lower. Thus, archeofaunal material from temperate regions, and especially consumed 

skeletal parts, mostly yield minute amounts of DNA sequence data within reasonable 

budgets. These genomic data usually exist with a coverage per sample that is less 

than 0.1x across the entire genome (Carpenter et al., 2013). 

1.3 Species Classification with aDNA Data 

In theory, even when genomic data has a coverage as low as 0.1x, it is possible to 

accurately identify the source taxon through comparative genomic alignment. This 

comprises mapping the sample sequence reads to reference genomes of the candidate 

species. Comparison of the resulting coverages or mismatch proportions can be used 

to  distinguish between closely-related species such as sheep and goats, or horses and 

donkeys. However, this method can only be applied if both of the species have 

assembled nuclear reference genomes. For example, the reference genome for the 

donkey is currently unavailable. Additionally, even if nuclear genome references 

from both target species are available, various factors contribute to a significant level 

of uncertainty during the alignment process. These factors include low amounts of 

DNA sequence data from poorly preserved samples and differences in quality 

between the reference genomes (Poullet & Orlando, 2020). The fragmented nature 

of ancient DNA further increases spuriously aligned reads, as with decreasing 

sequence length, the probability of spurious alignments increases ((de Filippo et al., 

2018), Figure 1.2). Certain thresholds for sequence read lengths, deamination and 

indel filters are used to overcome this issue ((de Filippo et al., 2018), Figure 1.2). 

When there is a high sequence similarity between candidate reference genomes or 

when there are substantial differences in the quality of genome assemblies, the 

challenge is amplified. 
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The need for innovative methods in species identification using ancient DNA 

(aDNA) data has become apparent. Some methods utilize the Cytochrome b (cyt b) 

gene and the hypervariable region (HVR) in mitochondria; the latter is especially 

useful in being highly polymorphic and thus can carry multiple substitutions unique 

to a species (Parson et al., 2000). With the amplification of these regions via 

Polymerase Chain Reaction (PCR), the sequences obtained are aligned to different 

species’ target regions in order to identify the taxon (Newman et al., 2002). However, 

since methods like this one rely on one specific region, the low amount of data 

obtained from aDNA may cause significant uncertainties. 

 

 

 

 
 

Figure 1.2 Effect of sequence length, indel, and deamination filters on the proportion 

of spurious alignments. All Mezmaiskaya 1 Neanderthal (“Mez”) alignments are 

shown in black, alignments without indels in orange, alignments with terminal C to 

T substitutions (“deam”) in blue, and with both filters applied in green. Modern 
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human sequences (“Control”) without microbial contamination are shown in gray. 

Adapted from (de Filippo et al., 2018). 

 

Competitive mapping is another method used in species assignment and 

identification of human DNA contamination in faunal ancient DNA data (Feuerborn 

et al., 2020). In competitive mapping, the reference whole genome sequences of the 

candidate species whose DNA is expected to be present in the sample sequence data 

are concatenated. Then, the sample data is aligned to this concatenated reference 

sequence. By comparing the number of sample sequence reads that uniquely align to 

either of the candidate species, species identification can be carried out. This method, 

however, does not calculate a statistical significance, which may lead to a lack of 

confidence when identifying closely related species pairs.  Possible causes of noise 

when mapping genomes can be variation shared within/between species and quality 

differences between reference genome sequences. 

 

One other existing approach, called the Zonkey pipeline, was developed specifically 

for distinguishing between horses, donkeys and their hybrids (Schubert et al., 2017). 

It works with low coverage nuclear ancient DNA data, employing a clustering 

technique. However, this pipeline is limited to equid taxa only. Another limitation of 

this approach is that it uses the reference sequence with a reference diversity panel 

of various equids, thus requiring a substantial genetic variation dataset, which may 

not be available for some species.  

1.4 MTaxi and the utilization of mitochondrial DNA 

The subject of this thesis is the development and testing of a new method MTaxi, 

designed for distinguishing closely related species pairs using low amounts of aDNA 

sequencing data. Utilizing mitochondrial DNA (mtDNA), MTaxi is expected to 

work with species whose reference mitogenome sequences are available.  
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Utilizing mtDNA provides several advantages, the first one being high accessibility. 

Compared to the limited number of high-quality nuclear references, mitogenome 

reference sequences are available for a much wider range of taxa. Currently, the 

genome resources database from NCBI encompasses 590 mammalian nuclear 

genome references, while the number of available mitochondrial genomes references 

is five times more, 2,714, as of August 13, 2023 

(https://www.ncbi.nlm.nih.gov/genome/) . This disparity enables the application of 

MTaxi to a broader array of species, including extinct lineages.  

 

Another characteristic of mtDNA that provides higher accessibility is that 

mitochondrial DNA is present as multiple copies per cell, unlike the one copy per 

cell nuclear DNA. Mitochondrial DNA also has a slower decay rate compared to 

nuclear DNA (Allentoft et al., 2012). Previously, the average mitochondrial to 

nuclear DNA ratio from different ancient human skeletal remains was estimated to 

be c. 200 ((Furtwängler et al., 2018) Figure 1.4).  

 

In order to replicate this difference in accessibility in another dataset, I recently 

examined n=1250 shotgun sequenced ancient DNA libraries produced in our group 

in Ankara from different species; humans, ovicaprids (sheep and goat), and equids 

(horse and donkey). We only included libraries with at least 0.01 endogenous DNA 

(n=310). Among these libraries, we found the mean mitochondrial DNA to nuclear 

DNA coverage ratio to be 87:1, with a range of 13:1 to 1578:1 (Figure 1.3). 

 

https://www.ncbi.nlm.nih.gov/genome/
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Figure 1.3. Distribution of the mitochondrial to nuclear DNA coverage ratios of 

ancient shotgun genomes generated by our group in Ankara. We analyzed libraries 

with endogenous DNA proportions higher than 0.01. 

 

In addition, mtDNA is known to have an elevated mutation rate compared to nuclear 

DNA. Possible reasons for this phenomena include oxidative radicals creating a more 

mutagenic environment, less efficient DNA repair mechanism leading to errors and 

a higher number of DNA replications per cell division (Brown et al., 1979). 

Regardless, with the higher sequence divergence between species, there exists a 

higher number of informative sites that can be utilized for the purpose of taxon 

identification. Other advantages of focusing on mitochondrial DNA comprise the 

fact that it is haploid and of shorter size, enabling the analyses to be less complex.   
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Figure 1.4 (A) Box plots of the mitochondrial to nuclear DNA ratio (log-

transformed) of ancient human DNA in petrous bones (P), teeth (T), other bones (B) 

and controls.  The yellow line shows the mean, ln = 5.3, which corresponds to a ratio 

of c. 200 in linear scale. Adapted from (Furtwängler et al., 2018).  

 

1.5 Testing MTaxi 

Sheep (Ovis) and goat (Capra) are two closely related species, with a divergence 

time of ~8 million years ago (Kumar et al., 2022). They belong to the same subfamily 

Caprinae. In zooarchaeological studies, morphological identification of sheep and 

goat is particularly challenging due to aforementioned limitations (LeFebvre & 

Sharpe, 2018) (see sections 1.2 & 1.3). That is why a significant proportion of sheep 

and goat remains are often categorized only at the subfamily level as Caprinae in 

publications (Wolfhagen & Price, 2017). As these species pair exemplifies our case, 

we chose them as our focal point to illustrate the use of MTaxi.  

 
In order to assess the accuracy of MTaxi, we conducted ancient mitogenome 

simulations. We generated 1600 simulated sheep and goat ancient mitogenomes at 
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eight different coverages. Following the simulations, we proceeded to evaluate the 

performance of MTaxi using real ancient samples. We examined a total of nine 

ancient sheep samples and three goat samples. 

We also applied MTaxi to another challenging species pair: horses and donkeys. 

Morphological differentiation between these two species can be challenging, similar 

to the case of sheep and goats. Similar to sheep and goat simulations, we simulated 

1600 ancient horse and donkey mitogenomes at eight different coverages. For the 

real samples, we used three ancient horse samples, two modern domestic horse 

samples, and five modern domestic donkey samples sourced from existing literature. 

The modern samples were downsampled to lower coverages as observed in ancient 

DNA data. 
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Overview of the method 

 

Figure 2.1 Overview of the steps to infer sample taxon. Here, the  flowchart 

gives  sheep and goat as an example, but one can apply MTaxi to any species pair 

with mtDNA references. In the first panel, red colored mismatches show 

transversions and the blue color shows transitions. Target sites are transversion-type 

likely substitutions between the two reference genomes. Sample sequence reads are 

assigned to either sheep or goat based on target sites; orange and purple colored bases 

show the alleles carried by goat and sheep, respectively. Adapted from (Atağ et al., 

2022). 

 

Our method uses likely substitution positions between the two candidate species for 

taxon identification. We call these positions “target sites”. We obtain the target sites 
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from the pairwise alignment of the mitochondrial reference genomes that belong to 

the two candidate taxa. After genotyping these sites, we classify the sample sequence 

reads depending on the alleles they carry at the target sites. Finally, a binomial test 

is used to test any significant bias in the proportion of the classified reads (Figure 

2.1). 

 

2.2 Determining Target sites 

2.2.1 Target sites type 1 

We generated a set of mitochondrial target sites to constitute as the putative 

nucleotide substitutions between the candidate species pair. For the compilation of 

this set of positions, pairwise alignment between the mitochondrial reference 

genomes of the two taxa, sheep (Oar_v3.1) and goat (ARS1), was carried out using 

the R package Biostrings v.2.65.0 (Pagès et al., 2023) with default parameters of the 

global alignment option. The initial alignment step yielded n=1699 mismatch 

positions, which was followed by the exclusion of transitions. We restricted the 

target sites to transversions only with two motivations. First, to prevent the effects 

of post-mortem damage which induces transition substitutions in ancient DNA 

(section 1.2). Second, to avoid possible homoplasies which can be induced by high-

frequency transition substitutions (given ~7 times higher frequency of transitions 

than transversions in mammals) (Belle et al., 2005). After the elimination of 

transitions, we had n=197 transversion type substitutions. We call these “target sites 

type 1”. Applying the same procedures to the horse and donkey mitochondrial 

reference genomes (horse : NC_001640.1 and donkey : NC_001788.1) yielded 

n=1264 mismatch positions at first. After retaining the transversions only, we had 

n=117 of target sites type 1. The target sites are distributed across the mitochondrial 

reference genomes of the two species pairs in similar patterns, with a concentration 

around the D-loop (Figure 2.2). 
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Figure 2.2 Target sites plotted on species mtDNA references. The distribution along 

(a) sheep and (b) goat (c) horse (d) donkey reference mitochondrial genomes. Target 

sites represent n=197 transversion-type substitutions for sheep  and goat, and n=117 

for horse and donkey. The figure was generated through CGview (Grant & Stothard, 

2008). Adapted from (Atağ et al., 2022). 

2.2.2 Target sites type 2 

Positions that are polymorphic within the species can introduce noise and decrease 

statistical power in the taxon identification process. Following this reasoning, we 

compiled a subset of target sites type 1 by discarding the intraspecies polymorphic 

sites, which we call “target sites type 2”. From the mitochondrial variation data set 

assembled by Shi and colleagues (Shi et al., 2014), polymorphic sites within sheep 



 
 
 
 

 
 

16 

and goat were obtained using snp-sites v.2.4.1 (Page et al., 2016). The dataset 

included pairwise alignments to the reference mitochondrial DNA sequence of both 

species, using data from n=47 domestic sheep and n=35 domestic goats. In total, 

n=97 polymorphic sites extracted from this dataset overlapped with n=197 target 

sites we listed previously, which corresponded to n=57 and n=40 polymorphic sites 

found in sheep and goat, respectively, and n=20 polymorphisms shared between the 

two species. Hence we had n=77 unique polymorphic sites from target site list 1, 

which were excluded, yielding n=120 positions referred to as target site list 2. 

2.3 Sequence data processing  

2.3.1 Ancient DNA data processing 

2.3.1.1 Alignment 

2.3.1.1.1 Parameters and filtering 

In order to trim the residual adapter sequences and merge the paired-end sequence 

reads, we used AdapterRemoval v.2.3.1 (Schubert et al., 2016), with a minimum 

overlap of 11 bp between the pairs at the merging step. Since alignment to only 

mitochondrial genome references can result in the misalignment of nuclear 

mitochondrial DNA sequences (NUMTs) to the mitochondrial genome, we aligned 

the sequences to whole genome references, comprising both nuclear and 

mitochondrial genomes. Raw sequence data files (FASTQ) from sheep and goat were 

aligned separately to both sheep (Oar_v3.1) and goat (ARS1) reference genomes 

using Burrows Wheeler Aligner (BWA) software package (Li & Durbin, 2010). 

BWA aln was shown to outperform BWA mem in respect of the proportion of the 

sequence reads mapped and alignment precision when using ancient DNA data 

(Oliva et al., 2021). Therefore, we used BWA aln v.0.7.15 (Li & Durbin, 2010) for 

the alignment of ancient samples, with parameters  “-n 0.01 -o 2” . The seed was 
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disabled with the parameter “-l 16500”; as seeding initially uses a subset of the reads 

and tries to find an exact match in the reference, the damaged nature of ancient DNA 

data can result in loss of data during this process. The ancient goat samples with only 

mitochondrial data were aligned to sheep (NC_001941.1) and goat (NC_005044.2) 

mitogenome references using the same parameters. FilterUniqSAMCons_cc.py 

(Kircher, 2012) was used to filter out duplicate reads with identical start and end 

positions, which represent the PCR duplicates. Then, we removed the reads with 

mapping quality scores (MAPQ) lower than 30 using samtools v.1.9 (Li et al., 2009). 

We also filtered out the reads of length <35 bp and the reads that had mismatch 

proportions of  >10% to the reference genome. Using samtools v.1.9 (Li et al., 2009) 

we extracted the reads aligned to mtDNA from whole genome alignment files 

(BAM). The same alignment procedures were carried out for the ancient horse 

samples. However, since there did not exist a chromosome level nuclear reference 

genome for donkey until recently, the sequence reads were only mapped to 

mitochondrial references of the two species. 

2.3.1.1.2 Authenticity 

Five ancient DNA libraries we used were non-UDG treated (TEP03, TEP62, TEP83, 

ULU26, ULU31). To confirm the authenticity of these sequences, we assessed the 

aDNA specific damage patterns using PMDtools (Skoglund et al., 2014) with the 

parameter “--deamination”. All evaluated libraries had >20% C->T and G->A 

damage at 5’ and 3’ ends, respectively. 

2.3.1.1.3 Shared reads approach 

The default approach in MTaxi comprises the evaluation of reads that mapped to 

either species’ references (i.e. the reads that mapped to both and the reads that 

mapped to only one of the species’ references), referred to as “all reads”. We also 

included an option called “shared reads”, through which only the reads that aligned 
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to both species’ references are taken into account. We restricted the analysis to 

shared reads by involving only the reads with the same IDs in the two BAM files. 

We reasoned that this conservative approach could eliminate the impact of quality 

differences between the two reference genome assemblies. 

2.3.1.2 Genotyping 

For genotyping we used pybedtools v.0.8.1 (Dale et al., 2011), which runs BEDtools 

(Quinlan & Hall, 2010), to obtain the reads that overlapped with the target sites. 

Using pysam v.0.16.0.1 (https://github.com/pysam-developers/pysam), which runs 

samtools v.1.9 (Li et al., 2009), we called the genotypes of the target sites with the 

mpileup algorithm and  parameters “-B” and “-A”. The analyses were restricted to 

biallelic sites only. The same genotyping procedures were followed for both 

sheep/goat and horse/donkey pairs. 

2.3.1.3 Mapping frequencies 

In order to assess the performance of comparative mapping, we compared the 

mapping frequencies of  sheep and goat shotgun sequencing data to both species’ 

whole genome reference sequences. Equid samples could not be used due to the lack 

of a good quality nuclear reference for the donkey. The total number of aligned bases 

and the proportion of mismatches to each reference was calculated using samtools 

stats (Li et al., 2009).  

2.3.2 Modern DNA processing 

For the n=2 (FM1798, Twilight) modern horse and n=5 donkey samples (Au6, Et1, 

Ke14, Sp5, Willy), an alignment procedure different from the aDNA alignment was 

followed. Since BWA mem is designed as a sensitive aligner for reads longer than 70 

bp, we used BWA mem v.0.7.15 (Li & Durbin, 2010) with the parameter “-M”, 

https://github.com/pysam-developers/pysam
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followed by sorting using samtools sort (Li et al., 2009). Picard MarkDuplicates 

(http://broadinstitute.github.io/picard/) was used to remove the duplicates. We 

filtered out the reads with mapping quality scores (MAPQ) lower than 20 using 

samtools v.1.9 (Li et al., 2009). The high coverage genomes were randomly 

downsampled to c.0.5x, two c.1x, two c.2x and c.4x mtDNA coverages in order to 

reflect the lower coverages obtained from aDNA data, by using samtools view (Li et 

al., 2009) with the parameter “-s”. Afterwards, the same genotyping procedures 

described in section 2.3.1 were followed. 

2.4 Taxon Assignment 

In order to assign each read to one of the species, as species 1 (SP1) or as species 2 

(SP2), MTaxi uses allelic states at the target sites, which can be either alternative or 

reference. If a sample sequence from SP1 was aligned to the SP1 reference genome, 

all the alleles are expected to be the same with the reference. If it was aligned to the 

SP2 reference, we expect all the reads to carry alternative alleles. For the cases where 

a read carries multiple alleles at multiple target sites, the reads that carry only 

reference or only alternative alleles are retained. Reads that carry both alternative 

and reference alleles are discarded to prevent inconsistencies. These possible 

inconsistencies can be due to convergent mutations or PCR/sequencing errors. 

Following the read assignment step, MTaxi utilizes a two-tailed binomial test for the 

proportion of SP1 and SP2 reads (null hypothesis : p=0.5), thereby identifying the 

taxon accordingly.  

 

For the assessment of MTaxi’s performance using real samples of known species 

identity, one-tailed binomial tests are used due to our existing a priori hypothesis on 

sample taxa. Meanwhile, the method itself uses two-tailed binomial tests since we 

assume that two candidate species are equally likely. 

 

http://broadinstitute.github.io/picard/
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2.5 Ancient mitogenome simulations 

We used the program gargammel (Renaud et al., 2017) to produce simulated ancient 

mitogenome sequences. gargammel (Renaud et al., 2017) produces ancient DNA-

like sequencing read data based on an input reference genome, adding artificial 

aDNA damage such as post-mortem transitions and fragmentations. We did not 

include human or bacterial contamination in the simulations, thus we generated 

sequences with 100% endogenous DNA proportion. n=3200 ancient mitogenomes 

in total for the two  species pairs were generated, n=1600 for sheep/goat (n=800 for 

each species) and n=1600 for horse/donkey (n=800 for each species). We designed 

the simulations to produce genomes at eight different coverages (0.1x, 0.3x, 0.5x, 

1x, 2x, 3x, 4x, 5x), n=100 genomes for each species at each coverage. We also set a 

sequencing error rate of  ~1% using parameters “qs -10 qs2 -10”, to render the 

simulations more realistic. The simulated genomes were subjected to the same 

alignment, filtering and genotyping procedures described in the section 2.3.1, except 

that since we simulated mitogenomes, they were aligned only to mitochondrial 

references. 

2.6 Ancient and modern genome samples 

To evaluate MTaxi’s performance on real data, we used in total n=18 published 

ancient sheep and goat genome samples, the FASTQ files of which were processed 

as described in the section 2.3.1(Table 2.1). n=5 ancient sheep samples (TEP03, 

TEP62, TEP83, ULU26, ULU31) from Yurtman et al. (Yurtman et al., 2021) and n=4 

ancient sheep samples (OBI013,OBI014, OBI017, OBI018) from Taylor et al. 

(Taylor et al., 2021) were downloaded from the European Nucleotide Archive (ENA) 

database (Table 2.1). The data we downloaded were generated by either whole 

genome shotgun sequencing or SNP capture method through Illumina sequencing 

platforms. Five (Acem1, AP45, Azer3, Direkli1, Direkli6) of the downloaded goat 

genomes had whole genome data, while four (Gilat10, Shiqmim9, Kov27, Uiv17) of 
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them were generated using mitochondrial DNA capture sequencing (Table 2.1). All 

goat samples were from Daly et al. (Daly et al., 2018). For the equids, we 

downloaded in total n=10  FASTQ files (Table 2.1). There were n=3 ancient horse 

(VHR031, VHR102, CdY2), n=2 (Twilight, FM1798) modern domestic horse and 

n=5 modern domestic donkey samples (Au6, Et1, Ke14, Sp5, Willy) all of which 

had whole genome data (Der Sarkissian et al., 2015; Fages et al., 2019; Orlando et 

al., 2013; Renaud et al., 2018; C. Wang et al., 2020). The processing of the FASTQ 

files are described in the Ancient DNA data processing and Modern DNA data 

processing sections. 

 

Table 2.1 Published ancient and modern genome data used in the study, downloaded 

from European Nucleotide Archive (ENA) database. The study accessions and 

sample IDs are listed. Adapted from (Atağ et al., 2022). 

 

Sample Aliases Species Age Study 
Accession Publication 

TEP03, TEP62, TEP83, ULU26, 
ULU31 Sheep Ancient PRJEB36540 (Yurtman et al., 

2021) 

OBI013,OBI014, OBI017, OBI018 Sheep Ancient PRJEB41594 
(Taylor et al., 

2021) 
Acem1, AP45, Azer3, Direkli1, 
Direkli6, Gilat10, Shiqmim9, 
Kov27, Uiv17 

Goat Ancient PRJEB26011 (Daly et al., 
2018) 

Au6, Et1, Ke14, Sp5 Donkey Modern PRJNA431818 (C. Wang et al., 
2020) 

Willy Donkey Modern PRJEB24845 (Renaud et al., 
2018) 

FM1798 Horse Modern PRJEB10098 (Der Sarkissian 
et al., 2015) 

Twilight Horse Modern PRJNA205517 (Orlando et al., 
2013) 

VHR031, VHR102, CdY2 Horse Ancient PRJEB31613 (Fages et al., 
2019) 
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2.7 Performance metric calculation 

We used three metrics to evaluate the performance of MTaxi, namely precision, 

recall, and accuracy, the latter estimated using the F1-score. The calculation of each 

metric is given below, where unidentified cases correspond to false negatives. 

 

!"#$%&%'( = 	#$'""#$,-.	%/#(,%0%#/	$1&#&#%/#(,%0%#/	$1&#&  

( 2.1) 

2#$1-- = 	 #$'""#$,-.	%/#(,%0%#/	$1&#&
#3(%/#(,%0%#/	$1&#& + #	$'""#$,-.	%/#(,%0%#/	$1&#&	 

( 2.2) 

 

51	&$'"# = 	2	 × 	!"#$%&%'(	 × 	2#$1--!"#$%&%'( + 2#$1--  

( 2.3) 
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CHAPTER 3  

3 RESULTS 

3.1 Application to simulated ancient mitogenomes 

3.1.1 Sheep and goat 

3.1.1.1 Default approach 

In order to test the performance of MTaxi, we simulated ancient mitogenomes at 

different coverages for sheep and goat. In total, n=1600 ancient mitogenomes were 

simulated, n=800 for each of the species, at eight (0.1x, 0.3x, 0.5x, 1x, 2x, 3x, 4x, 

5x) mitochondrial coverages. For the default method of taxon assignment, n=197 

transversion substitutions, previously referred to as “target sites type 1”, between the 

two species were utilized. At coverages ranging from 0.1x to 5x, taxon assignment 

of all simulated genomes yielded 100% precision, with no false positive assignments 

(Figure 3.1a). At coverages greater than 0.3x, MTaxi had 100% recall (i.e. rate of 

true positives), while at 0.3x and 0.1x, we achieved recall values of 93.5% and 51% 

respectively (Figure 3.1a). The unidentified cases were due to lack of sufficient 

amounts of reads that aligned to the target sites. 
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Figure 3.1 MTaxi applied to simulated ancient mitochondrial genomes at different 

coverages. Binomial test p-values for the proportions of reads assigned to (a) sheep 

versus goat, and (b) and horse versus donkey, using the default approach. n=200 

refers to the number of simulations at each coverage, n=100 for each species. The 

height of the blue bar represents the number of simulated genomes identified 

correctly (p<0.05), the red bar represents the  unidentified cases (with p>0.05), and 

the grey bar represents the ones with no reads aligned to target sites, and thus could 

not be tested. No cases were misidentified. Adapted from (Atağ et al., 2022). 

 

3.1.1.2 Conservative approaches 

Then, we tested MTaxi with two conservative approaches at coverages 0.5x-5x. 

First, we tried to assign the taxa by only taking the reads that aligned to both of the 

species references into account, which we previously called the “shared reads” 

option. All assignments at coverages 0.5x-5x had 100% precision. The program had 

a recall of 52% at 0.5x, 97% at 1x and achieving 100% at 2x coverage (Figure C.1b). 

Lower recall rates compared to the default approach seems to be due to reduced 

number of total reads utilized for assignment, as the majority are discarded to retain 

only the shared reads, consequently reducing statistical power. The second 

conservative approach comprises the elimination of sites that are polymorphic within 

each species. Utilizing these n=120 sites, which we refer to as target sites type 2, 
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MTaxi yielded 100% precision at all coverages and 98% recall at 0.5x(Figure C.1c). 

Repeating the analysis using both the “shared reads” option and target sites type 2, 

we again achieved 100% precision, while the recall was 99% only at 3x coverage 

(Figure C.1d). The lack of power to reject the null hypothesis is again apparent when 

using a smaller number of reads and sites. 

3.1.2 Horse and donkey 

We produced a total of n=1600 simulated ancient mitogenomes for horse and donkey 

as well, n=800 for donkey and n=800 for horse, at eight (0.1x, 0.3x, 0.5x, 1x, 2x, 3x, 

4x, 5x) different coverages. With n=117 transversion substitutions between horse 

and donkey (target sites type 1), MTaxi yielded 100% recall and precision at 

coverages from 0.5x to 5x (Figure 3.1b). At 0.3x and 0.1x, we achieved 98% and 

72.% recall respectively, and again 100% precision (Figure 3.1b). Since there does 

not exist a sufficiently broad diversity panel for the donkey, only the first of the 

conservative approaches was carried out for horse and donkey. We could assign the 

mitogenomes at 0.5x coverage with 97% recall, and obtained 100% recall at 

coverages greater than 0.5x when using the “shared reads” option (Figure C.1f). At 

all coverages, we had a precision of 100%.  

 

Reviewing all simulation results for both species pairs, MTaxi achieved 100% 

accuracy at coverages greater than 0.3x, whereas an accuracy of 97.5% was obtained 

at coverages greater than 0.1x. The accuracy does not increase with any of the 

conservative approaches, i.e. using shared reads or non-polymorhic sites, but 

decreases due to reduced power. 
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3.2 Application to samples of known species identity 

3.2.1 Sheep and goat 

3.2.1.1 Default approach 

MTaxi was tested with n=18 published ancient sheep (Ovis aries / Ovis orientalis) 

and goat (Capra hircus / Capra aegagrus) samples. The n=9 ancient sheep samples 

had mtDNA coverages of >0.2x and the n=9 ancient goat samples had >0.8x mtDNA 

coverages. All n=18 samples were assigned correctly (100% accuracy) with the 

default approach (at two-sided binomial test p < 0.05), retaining all reads and sites 

(Table 3.1). The probability of assigning all 18 samples correctly by chance would 

be 0.00038% (0.5^18), which shows the overall accuracy of MTaxi (one-sided 

binomial test p = 4e-06). A total of 1-26% of the reads (median 2%)  were 

misassigned, which could be caused by shared polymorphisms, errors in sequencing 

or PCR, and possible homoplasies (Table 3.1). These reads however, do not have a 

significant impact on the final assignment. 

3.2.1.2 Conservative apprpoaches 

Using the first conservative approach, the “shared reads” option, we observed a 

decrease in the accuracy. Correct assignments were obtained only for 15 samples 

(Table A.1). The remaining 3 samples had the lowest coverages in the sample set, 

and did not have enough reads for a significant identification. The sheep sample 

ULU31 (mtDNA coverage = 0.4x) could not be analysed, since it  did not have any 

reads that aligned to the target sites. The case of not having any reads that aligned to 

the target sites was also observed in ~10% of the simulated genomes at 0.3x 

coverage.   
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Table 3.1 MTaxi applied to ancient sheep/goat data of known species identity 

(default approach). The analysis was performed with n=197 transversion 

substitutions between sheep and goat, (target sites type 1). “Taxon” is the known 

species identity (Table 2.1); “mtDNA coverage” represents the mtDNA coverage 

when mapping reads to the reference of the original species after the duplicates have 

been removed; “Total assigned reads” shows reads that mapped to both species’ 

mtDNAs, plus the ones that mapped only to one of the species’ references, 

overlapped with target sites and could be assigned to either species; “Sheep reads” 

and “Goat reads” refer to the amount of reads assigned to either species; “p-value” 

shows the two-sided binomial test p-value for the proportion of sheep and goat reads 

being equal, and “Identified taxon” shows the final taxon assignment. Adapted from 

(Atağ et al., 2022). 

Samples Taxon mtDNA 
coverage 

Total 
assigned 

reads 

Sheep 
reads 

Goat  
reads 

p 
value 

Identified 
taxon 

TEP03 Sheep 3.73327 2643 1949 694 <0.001 Sheep 

TEP62 Sheep 45.4534 3181 2555 626 <0.001 Sheep 

TEP83 Sheep 21.7152 1474 1236 238 <0.001 Sheep 

OBI014 (OB20-
06) Sheep 9.97996 1043 1037 6 <0.001 Sheep 

OBI018 (OB20-
04) Sheep 2.39606 235 232 3 <0.001 Sheep 

OBI013 (OB20-
01) Sheep 1.25211 110 108 2 <0.001 Sheep 

ULU26 Sheep 1.39023 178 171 7 <0.001 Sheep 

ULU31 Sheep 1.01956 112 107 5 <0.001 Sheep 

OBI017 (OB21-
06) Sheep 0.21726 29 29 0 <0.001 Sheep 
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Table 3.1 (cont’d) 
       

Acem1  Goat 77.4073 7969 751 7218 <0.001 Goat 

AP45 Goat 2.00415 217 0 217 <0.001 Goat 

Azer3 Goat 49.7898 5351 144 5207 <0.001 Goat 

Direkli1 Goat 58.1783 5579 488 5091 <0.001 Goat 

Direkli6 Goat 106.625 10536 928 9608 <0.001 Goat 

Gilat10 Goat 1.71545 171 1 170 <0.001 Goat 

Shiqmim9 Goat 0.799651 84 1 83 <0.001 Goat 

Kov27 Goat 2.99934 325 5 320 <0.001 Goat 

Uiv17 Goat 0.909304 98 1 97 <0.001 Goat 

 
 

 

The second conservative approach utilizing target sites type 2, from which the 

intraspecies polymorphic sites are excluded, did not improve the accuracy as well 

(Tables A.2 and A.3). MTaxi yielded 97% accuracy with the default approach. One 

sheep sample (OBI017) which had ~0.2x coverage could not be identified (Table 

A.2). Using the “shared reads” approach, n=12 samples could be identified correctly, 

yielding an accuracy of 80%. Four samples (n=1 goat and n=4 sheep) with coverages 

<0.6x did not have any reads overlapping with the target sites (Table A3). The 

exclusion of polymorphic sites did not have an influence on the elimination of the 

misassigned reads, suggesting again that this procedure does not improve accuracy 

but reduces power, as observed in the simulations. 
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3.2.2 Horse and donkey 

We ran MTaxi on n=10 published horse and donkey samples (n=5 horse and n=5 

donkey). Three of the horse samples were ancient (VHR031, VHR102, CdY2), while 

the remaining modern horse and donkey genomes (Au6, Et1, Ke14, Sp5, Willy, 

FM1798 and Twilight) were downsampled to lower coverages, in order to obtain 

c.0.5x, two c.1x, two c.2x and c.4x genomes. All samples were identified correctly 

and we obtained 100% accuracy with both the default and the “shared reads” 

approach (Table 3.3, Table B.1). The rate of correct identification in the whole 

sample set is significant (one-sided binomial test p=0.001). 

 

Table 3.2 MTaxi applied to ancient and modern horse/donkey data of known species 

identity (default approach). The analysis was performed with n=117 transversion 

substitutions between horse and donkey, (target sites type 1). “Taxon” is the known 

species identity (Table 2.1); “mtDNA coverage” represents the mtDNA coverage 

when mapping reads to the reference of the original species after the duplicates have 

been removed;  Here, the modern day genomes Au6, Et1, Ke14, Sp5, Willy, FM1798 

and Twilight were downsampled to lower mtDNA coverages, while the ancient 

samples VHR031, VHR102, CdY2 were used as is. “Total assigned reads” shows 

reads that mapped to both species’ mtDNAs, plus the ones that mapped only to one 

of the species’ references, overlapped with target sites and could be assigned to either 

species; “Horse reads” and “Donkey reads” refer to the amount of reads assigned to 

either species; “p-value” shows the two-sided binomial test p-value for the 

proportion of horse and donkey reads being equal, and “Identified taxon” shows the 

final taxon assignment. Adapted from (Atağ et al., 2022). 

Sample ID Taxon mtDNA 
coverage 

Total 
assigned 

reads 

Horse  
reads 

Donkey 
reads p value Identified 

taxon 

Au6 Donkey 0.843071 54 1 53 <0.001 Donkey 
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Table 3.2 (cont’d) 
       

Et1 Donkey 1.96281 123 1 122 <0.001 Donkey 

Ke14 Donkey 4.03893 208 5 203 <0.001 Donkey 

Sp5 Donkey 0.981224 57 2 55 <0.001 Donkey 

Willy Donkey 0.490042 27 1 26 <0.001 Donkey 

FM1798 Horse 1.83667 97 97 0 <0.001 Horse 

Twilight Horse 0.608403 30 29 1 <0.001 Horse 

VHR031 Horse 0.319088 47 45 2 <0.001 Horse 

VHR102 Horse 0.72599 86 83 3 <0.001 Horse 

CdY2 Horse 1.29874 174 168 6 <0.001 Horse 

 
 
 
 

3.3 Performance under alternative scenarios 

3.3.1 Extreme misidentifications 

The first alternative scenario we investigated was possible extreme 

misidentifications of the faunal remains. We tested if MTaxi would yield any 
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significant assignments in cases where the real taxon is not amongst the candidate 

species pair. For this, we analyzed a case in which a horse was tested as a sheep or 

goat. Three ancient horse sequences (VHR031, VHR102, CdY2) were mapped to 

sheep and goat reference genomes, and n=197 transversion substitutions were used 

with the default approach. MTaxi did not produce any significant results, favoring 

neither of the candidate species (Table 3.3). The number of reads assigned as sheep 

or goat was as small as 18% of the total assigned reads when testing between horse 

and donkey (Table 3.3). 

 

Table 3.3 MTaxi applied to ancient horse data of known species identity (default 

approach), where horse is not among the candidate species. The ancient horse 

samples were aligned to sheep and goat references, and the analysis was performed 

with n=197 transversion substitutions between sheep and goat (target sites type 1). 

“Taxon” is the known species identity (Table 2.1); “mtDNA coverage” represents 

the mtDNA coverage when mapping reads to the reference of the original species 

after the duplicates have been removed;  “Total assigned reads” shows reads that 

mapped to both species’ mtDNAs, plus the ones that mapped only to one of the 

species’ references, overlapped with target sites and could be assigned to either 

species; “Sheep reads” and “Goat reads” refer to the amount of reads assigned to 

either species; “p-value” shows the two-sided binomial test p-value for the 

proportion of sheep and goat reads being equal, and “Identified taxon” shows the 

final taxon assignment. Adapted from (Atağ et al., 2022). 

Sample ID Taxon mtDNA 
coverage 

Total 
assigned 

reads 
Goat  
reads 

Sheep 
reads p value Identified 

taxon 

Cdy2 Horse 0.319088 22 14 8 >0.05 - 

Vhr031 Horse 0.72599 4 2 2 >0.05 - 



 
 
 
 

 
 

32 

Table 3.3 (cont’d)       

Vhr102 Horse 1.29874 29 17 12 >0.05 - 

 
 

3.3.2 Identification within Capra genus 

Second, we analyzed a scenario where the tested species are within the same genus. 

In order to test this, we tried to distinguish between two Capra species, Capra 

nubiana and Capra aegagrus. Two ancient Capra aegagrus samples (Direkli1 and 

Direkli2) were mapped to C. aegagrus and C. nubiana reference mitogenomes 

(reference assemblies - C. nubiana : 

https://www.ncbi.nlm.nih.gov/nuccore/OW568908.1, C. aegagrus : 

https://www.ncbi.nlm.nih.gov/nuccore/LR884221.1). We obtained n=30 

transversion-type substitutions between the two candidate species. MTaxi assigned 

both Direkli1 and Direkli2 samples correctly as Capra nubiana (Table 3.4).  

 

Table 3.4 MTaxi applied to ancient goat (Capra aegagrus) genome data of known 

species identity (default approach), where the candidate species are from the same 

genus Capra (Capra aegagrus and Capra nubiana). C. aegagrus samples were 

aligned to C. aegagrus and C. nubiana mitochondrial references, and the analysis 

was performed with n=30 transversion substitutions between C. aegagrus and C. 

nubiana (target sites type 1). “Taxon” is the known species identity; “mtDNA 

coverage” represents the mtDNA coverage when mapping reads to the reference of 

the original species after the duplicates have been removed;  “Total assigned reads” 

shows reads that mapped to both species’ mtDNAs, plus the ones that mapped only 

to one of the species’ references, overlapped with target sites and could be assigned 

to either species; “C. nubiana  reads” and “C. aegagrus reads” refer to the amount 

https://www.ncbi.nlm.nih.gov/nuccore/OW568908.1
https://www.ncbi.nlm.nih.gov/nuccore/LR884221.1
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of reads assigned to either species; “p-value” shows the two-sided binomial test p-

value for the proportion of C. nubiana  and C. aegagrus reads being equal, and 

“Identified taxon” shows the final taxon assignment. Adapted from (Atağ et al., 

2022). 

Sample 
ID 

Taxon 
mtDNA 
coverage 

Total 
assigned 

reads 

C.nub  

reads 
C.aeg 

 reads   
pvalue 

Identified 
taxon 

Direkli1 
Capra 

aegagrus 
58.1783 1645 331 1314 <0.001 

Capra 

aegagrus 

Direkli6 
Capra 

aegagrus 
106.625 2263 445 1818 <0.001 

Capra 

aegagrus 

 

 

3.4 Whole Genome Comparative Alignment 

In cases where the nuclear reference genomes are available, whole genome 

comparative alignment can be used as an alternative to MTaxi. We investigated the 

performance of this method using ancient sheep and goat samples with whole 

genome sequences. Since the donkey did not have a chromosome level assembly 

until recently, we could not explore the performance of comparative alignment with 

horse and donkey. 

3.4.1 Total number of aligned bases 

The sequences were mapped to both of sheep and goat reference genomes, followed 

by the calculation of total number of aligned bases. We observed inconsistencies for 

the sheep samples, as only 4 out of 9 samples had a higher number bases that mapped 

to the sheep reference genome (Figure 3.2). The remaining sheep samples showed a 
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better alignment to the goat reference genome. Conversely, there were no such 

inconsistencies for the goat samples. All n=5 samples had a higher number of bases 

mapped to the goat reference genome relative to the sheep reference. This could be 

due to higher coverage of the goat samples and the higher assembly quality of the 

goat reference. Therefore, comparing the total number of bases mapped to the 

nuclear reference genomes may not be reliable for taxon identification of closely 

related species pairs using low coverages. 

3.4.2 Mismatch proportions 

Then, we compared the mismatch proportions of the sequence reads aligned to each 

of the reference genomes. All n=15 sheep and goat samples showed a lower 

proportion of mismatches to their own species’ reference genome, including the 

sample (OBI017) with the lowest nuclear coverage (0.0004x) (Figure 3.2). The 

results appear significant (one-sided binomial test p=3e-05). However, it should be 

noted that three sheep samples (TEP83, ULU26, ULU31) have a marginal difference 

of ~0.7% between the proportions of mismatch to the sheep and goat references 

(Figure 3.2). Overall, whole genome comparative alignment using mismatch 

proportions can be an alternative to mitochondrial approaches for taxon 

identification when nuclear sequences and references are available, noting that it may 

not be successful 100% of the time.  
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Figure 3.2 Whole Genome Comparative Alignment Results. Upper panels show 

alignments for ancient sheep and the lower panels show the alignments for ancient 

goat samples. Total number of bases aligned to sheep versus goat reference genomes 

are plotted on the left panels and the mismatch proportions are plotted on the  right 

panels. Adapted from (Atağ et al., 2022).  
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CHAPTER 4  

4 DISCUSSION 

4.1 Review of the methodology 

We present MTaxi, a simple but effective approach to distinguish between species 

pairs using ancient DNA data. It is useful when identifying low coverage ancient 

genomes from closely related and morphologically similar species. For that matter, 

MTaxi was utilized recently in an aDNA study on ancient sheep, to assign the taxa 

of the studied genomes as sheep versus goat (Yang et al., 2023).    

 

MTaxi utilizes mitochondrial transversion type substitutions to assign the taxa of 

samples. In addition to mtDNA data being highly accessible, using mitochondria is 

advantageous in several other aspects as well, including higher copy number and 

elevated mutation rate resulting in higher variation between species. Considering the 

poorly preserved samples in temperate regions, the positive correlation between 

decreasing endogenous DNA content and mitochondrial to nuclear DNA ratios 

indicate a greater chance of obtaining higher amounts of mitochondrial DNA than 

nuclear DNA from these samples (Furtwängler et al., 2018). 

 
The restriction of target sites to transversions only is a means to prevent the effects 

of possible homoplasies and post-mortem transition substitutions, which can induce 

ambiguities. However, this restriction results in a noticeable loss of data, as ~90% of 

the total number of substitution sites were discarded, consequently reducing the 

statistical power. Trimming the ends of the reads which are prone to post-mortem 

damage, and including the transitions to the analyses will improve the performance. 

Since we obtained sufficient power with transversions only for the identification of 

the tested genomes, we did not perform trials using this approach. Other alternatives 

to using transversions only can be to use ancient DNA libraries treated with Uracil-
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DNA-Glycosylase (UDG) which removes the uracil bases from the DNA, to mask 

the end of the reads which are prone to post-mortem damage, or to use probabilistic 

models that account for aDNA damage (Link et al., 2017; Rohland et al., 2015; 

Skoglund et al., 2014).  

4.2 Performance of the method 

We tested the performance of MTaxi by using both simulated and real ancient data. 

The simulations comprised n=100 ancient mitogenomes for each species at eight 

different coverages (0.1x-5x), n=1600 for each species pair, summing up to a total 

number of n=3200 simulated genomes. We show that MTaxi has 100% precision at 

all coverages for both sheep/goat and horse/donkey pairs, no cases were 

misidentified. We achieved 96% recall at 0.3x, and 100% recall at 0.5x on average 

for sheep/goat. For the horse/donkey pair, full accuracy was similarly achieved at 

0.5x, and 99% accurate results were observed at 0.3x. n=18 real ancient sheep/goat 

and n=10 ancient and downsampled modern horse/donkey samples were all 

identified correctly, including the sample (OBI017) with the lowest coverage 

(~0.3x).  

 

Trials on two alternative scenarios also yielded success. For the cases of 

misidentifications, where the tested sample taxa is different from the candidate 

species pair, MTaxi results do not show any affinity to either of the species. We also 

explored MTaxi performance where the tested species were within the same genus : 

we tested n=2 Capra aegagrus samples between Capra aegagrus and Capra nubiana, 

which are thought to have had overlapping ranges. Both samples were identified 

correctly as Capra aegagrus.  

 

Meanwhile, none of the two conservative approaches, namely the “shared reads” 

option and the elimination of intraspecies polymorphic sites, yielded an 

improvement in the accuracy. Instead, since these modifications use less number of 
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reads and sites, we observe a reduction in the statistical power, and in turn lower 

recall rates. It should be noted here too, that MTaxi did not misassign any cases, and 

thus had 100% precision. 

 

A mitochondrial coverage of 0.3x is widely reached in sequencing trials on poorly 

preserved samples from temperate regions, where the endogenous DNA content is 

as low as 1%. When analyzing the dataset we previously described in the 

Introduction chapter, which harbored ancient human, sheep, goat, horse and donkey 

samples, n=226 screened (shallow sequenced) samples had 1-10% endogenous DNA 

with a median of 3%. The libraries of these samples had up to 50 million reads each 

with a median of 415,146 reads. Among this set of libraries, 62% had sufficient 

mtDNA coverages of ≥0.3x for MTaxi to carry out successful identification. 

Meanwhile, 50% and 84% of the libraries had ≥0.5x and ≥0.1x mtDNA coverages, 

respectively.  

4.3 Whole genome comparative alignment as a possible alternative 

Testing the performance of whole genome comparative alignment, comparison of 

solely the mapping frequencies were found to be an unreliable approach. The total 

number of bases mapped to each of the reference genomes may lead to spurious 

results, even when using the whole nuclear genome. Several ancient sheep samples 

had a higher mapping frequency to the goat reference, and the degree to which such 

spurious patterns could occur in other cases remains an open question. Interestingly, 

none of the ancient goat samples showed such inconsistencies. This difference 

between sheep and goat results may be due to quality differences between sample 

sequences or the reference genome assemblies. Accordingly, the sheep samples with 

spurious mapping frequencies are of lower coverage than the goat samples. In 

addition, the N50 of the goat reference genome ARS1 is 26,244,591, whereas the 

sheep reference genome Oar_v3.1 has a much lower value of 40,376.  In general, the 

results indicate that one should not rely on the total number of aligned bases for the 
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purpose of taxon identification. However, using similar quality reference genomes 

may give better results. 

 

Using the mismatch proportions as a proxy was found to be more robust to the 

aforementioned data or reference sequence quality differences. This time, all the 

sheep and goat samples, including the one with lowest coverage of 0.0004x (a value 

frequently reached when the sample is sequenced to low coverage), had a lower 

mismatch to their own references. Therefore, this approach can be used as a simple 

alternative if the nuclear reference genome sequences of the candidate species are 

available. Nevertheless, since some sheep samples only had a marginal difference, 

one should be cautious on the possible limits of this approach.  

4.4 Comparison with other methods 

MTaxi is expected to produce accurate results on any species pair with a degree of 

evolutionary divergence similar to that of sheep/goat or horse/donkey, or even lower, 

in contrast to the Zonkey pipeline, which is designed specifically for equid samples. 

In addition Zonkey requires a large nuclear variation panel while MTaxi works only 

with mtDNA and the substitution sites between the mitogenome references, which 

makes it an easier, faster and a more widely applicable method. Species in families 

Cervidae (deer), Leporidae (rabbit/hare) and Bovidae (cattle/bison), and birds are 

among the taxa which pose challenges in morphological identification (Bochenski, 

2008; Wolverton, 2013; Yang et al., 2004). The parameters and the other steps such 

as data processing can be adjusted for the species in question. Moreover, the 

advantage MTaxi has over competitive and comparative mapping is the calculation 

of statistical significance. 
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4.5 Limitations and future directions 

Mtaxi can fail to produce accurate results if the candidate species diverged too 

recently.  We were able to identify two species from the same genus, but we did not 

determine the minimum degree of differentiation between the candidate species that 

would enable successful assignment by MTaxi. We currently do not know to what 

extent the degree of evolutionary divergence between the tested and candidate 

species would induce spurious results either. In a scenario where we test a sample of 

SP3 between SP1 and SP2, and if SP1 is closer to SP3, we could spuriously identify 

the sample as SP1. For instance, the horse sample was not identified as a sheep or a 

goat, however, it is not guaranteed that a closer species such as antelopes will not be 

identified as either.  Therefore, currently we can only expect MTaxi to work 

efficiently on pairs of taxa with similar evolutionary divergence to those we tested. 

Mitochondrial introgression between the two candidate species would also produce 

ambiguous results. In cases of introgression between SP1 and SP2, certain groups of 

SP1 can be more distant to certain other groups of the same species than to 

SP2.  Indeed, discordance between species identifications using nuclear versus 

mitochondrial DNA in cases of mitochondrial introgression have been reported 

(Bocek et al., 2019). 

 

The fact that MTaxi only works with pairs is another limitation. There may be cases 

where there exists more than a pair of candidate species. For MTaxi to be used with 

more than two candidate species, improvements can be made by the addition of 

multiple sequence alignment (MSA) options.  

 
More generally, formulating a metric that can summarize the expected MTaxi 

performance when applied in various scenarios could be a beneficial step for future 

work. In order to formulate this metric, species pairs with differing degrees of 

divergences from different taxon levels can be tested across a phylogenetic tree. 

Calculating the number of substitutions, shared polymorphisms and divergence 

times with the incorporation of mutation rates can help achieve this. In the end, we 



 
 
 
 

 
 

42 

would have a probabilistic metric of expected performance given the specific 

parameters, in order for the user to finetune the analyses for the particularities of 

candidate taxa.   
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CHAPTER 5 

 

5               CONCLUSION 

Archeofaunal remains are used in several fields of research including ecology, 

conservation biology, archeology, and ancient DNA. However, zooarcheological 

identification of closely related species pose challenges. There have been several 

approaches to overcome these challenges, one of which being analyses of ancient 

DNA data from the excavated remains, each having a specific limitation. In this 

study, we propose a novel alternative method called MTaxi and test its performance 

in various settings. 

 

 

• MTaxi utilizes mtDNA data which has higher accessibility due to its smaller 

size, slower decay rate and that it is found in every cell of the organisms, 

when compared to nuclear DNA. 

 

 

• MTaxi can work with any species pairs with a certain degree of divergence 

and calculates a statistical significance, which can be counted as advantages 

over other existing methods. 

 

 

• Tests with simulated and real ancient sheep/goat and horse/donkey genomes 

show that MTaxi can carry out accurate assignments at coverages down to 

0.3x, which is a value typically reached by shallow sequencing in ancient 

DNA studies. 
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• Under alternative scenarios such as extreme misidentifications or 

classification between species closer than sheep/goat and horse/donkey, 

MTaxi performs successfully, without any spurious results. 

 

 

• At coverages lower than 0.3x, on average ~60% of the genomes were 

unidentified, which was due to lack of power to reject the null hypothesis. 

Importantly, MTaxi was never observed to give an incorrect identification. 

 

 

• If the nuclear reference of the two candidate species are available, whole 

genome comparative mapping using mismatch proportions can be a simple 

alternative. 

 

 

Overall,  MTaxi appears to be an effective tool for taxon identification using low 

coverage ancient DNA data. It would be particularly convenient in cases where the 

nuclear reference genomes of the candidate species are lacking. The performance 

will depend on various factors such as the sample sequence quality, reference 

genome quality and the divergence times between taxa.  
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6 APPENDICES 

A. Taxon assignment results of ancient sheep and goat samples of know 

species identity using conservative approaches 

Table A. 1 MTaxi applied to ancient sheep/goat data of known species identity using 

the  “shared reads” option. The analysis was performed with n=197 transversion 

substitutions between sheep and goat, (target sites type 1). “Taxon” is the known 

species identity (Table 2.1); “mtDNA coverage” represents the mtDNA coverage 

when mapping reads to the reference of the original species after the duplicates have 

been removed; “Total assigned reads” shows reads that mapped to both species’ 

mtDNAs, overlapped with target sites and could be assigned to either species; 

“Sheep reads” and “Goat reads” refer to the amount of reads assigned to either 

species; “p-value” shows the two-sided binomial test p-value for the proportion of 

sheep and goat reads being equal, and “Identified taxon” shows the final taxon 

assignment. (✝) indicates that the sample that did not contain any reads aligned to 

target sites, and thus could not be evaluated. Table is adapted from (Atağ et al., 

2022). 

Sample ID Taxon 
mtDNA 
coverage 

Total 
assigned 

reads 

Sheep  
reads 

Goat 
reads 

p-value 
Identified 

taxon 

TEP62 Sheep 45.4534 52 52 0 <0.001 Sheep 

TEP83 Sheep 21.7152 42 42 0 <0.001 Sheep 

OBI014 (OB20-      

06) 
Sheep 9.97996 30 30 0 <0.001 Sheep 

TEP03 Sheep 3.73327 6 6 0 <0.001 Sheep 

https://www.zotero.org/google-docs/?broken=ZOPY5Y
https://www.zotero.org/google-docs/?broken=ZOPY5Y
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Table A.1 (cont’d) 
      

OBI018 (OB20-04) Sheep 2.39606 12 12 0 <0.001 Sheep 

ULU26 Sheep 1.39023 6 6 0 0.03125 Sheep 

OBI013 (OB20-

01) 
Sheep 1.25211 5 5 0 0.0625 - 

ULU31✝ Sheep 1.01956 0 0 0 NA - 

OBI017 (OB21-

06) 
Sheep 0.21726 1 1 0 1.0 - 

Acem1  Goat 77.4073 255 0 255 <0.001 Goat 

AP45 Goat 2.00415 8 0 8 0.00781 Goat 

Azer3 Goat 49.7898 246 0 246 <0.001 Goat 

Direkli1 Goat 58.1783 215 13 202 <0.001 Goat 

Direkli6 Goat 106.625 363 15 348 <0.001 Goat 

Gilat10 Goat 1.71545 32 0 32 <0.001 Goat 

Shiqmim9 Goat 0.799651 14 0 14 <0.001 Goat 

Kov27 Goat 2.99934 62 0 62 <0.001 Goat 

Uiv17 Goat 0.909304 19 0 19 <0.001 Goat 
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Table A. 2 MTaxi applied to ancient sheep/goat data of known species identity 

using  “all reads” and target site list 2. The analysis was performed with n=120 

transversion substitutions between sheep and goat, (target sites type 2), eliminating 

the intraspecies polymorphic sites. “Taxon” is the known species identity (Table 

2.1); “mtDNA coverage” represents the mtDNA coverage when mapping reads to 

the reference of the original species after the duplicates have been removed; “Total 

assigned reads” shows reads that mapped to both species’ mtDNAs, plus the reads 

that mapped to one of the species’ references, overlapped with target sites and could 

be assigned to either species; “Sheep reads” and “Goat reads” refer to the amount of 

reads assigned to either species; “p-value” shows the two-sided binomial test p-value 

for the proportion of sheep and goat reads being equal, and “Identified taxon” shows 

the final taxon assignment. (✝) indicates that the sample that did not contain any 

reads aligned to target sites, and thus could not be evaluated. Adapted from (Atağ et 

al., 2022). 

Sample ID Taxon 
mtDNA 
coverage 

Total 
assigned 

reads 

Sheep  
reads 

Goat 
reads 

p value 
Identified 

taxon 

TEP62 Sheep 45.4534 2735 2195 540 <0.001 Sheep 

TEP83 Sheep 21.7152 1320 1066 254 <0.001 Sheep 

OBI014 (OB20-06) Sheep   9.97996 837 835 2 <0.001 Sheep 

TEP03 Sheep 3.73327 233 228     5 <0.001 Sheep 

OBI018 (OB20-04) Sheep 2.39606 186 184 2 <0.001 Sheep 

ULU26 Sheep 1.39023 124 115 9 <0.001 Sheep 
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Table A.2 (cont’d) 
       

OBI013 (OB20-01) Sheep 1.25211 85 85 0 <0.001 Sheep 

ULU31 Sheep 1.01956 89 89 0 <0.001 Sheep 

OBI017✝ (OB21-06) Sheep 0.21726 0 0 0 NA - 

Acem1  Goat 77.4073 6627 845 5782 <0.001 Goat 

AP45 Goat 2.00415 177 0 177 <0.001 Goat 

Azer3 Goat 49.7898 4188 196 3992 <0.001 Goat 

Direkli1 Goat 58.1783 4568 530 4038 <0.001 Goat 

Direkli6 Goat 106.625 8545 995 7550 <0.001 Goat 

Gilat10 Goat 1.71545 136 1 135 <0.001 Goat 

Shiqmim9 Goat 0.799651 70 1 69 <0.001 Goat 

Kov27 Goat 2.99934 251 5 246 <0.001 Goat 

Uiv17 Goat 0.909304 87 1 86 <0.001 Goat 
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Table A. 3 MTaxi applied to ancient sheep/goat data of known species identity using 

the  “shared reads” option and target site list 2. The analysis was performed with 

n=120 transversion substitutions between sheep and goat, (target sites type 2), 

eliminating the intraspecies polymorphic sites. “Taxon” is the known species identity 

(Table 2.1); “mtDNA coverage” represents the mtDNA coverage when mapping 

reads to the reference of the original species after the duplicates have been removed; 

“Total assigned reads” shows reads that mapped to both species’ mtDNAs, 

overlapped with target sites and could be assigned to either species; “Sheep reads” 

and “Goat reads” refer to the amount of reads assigned to either species; “p-value” 

shows the two-sided binomial test p-value for the proportion of sheep and goat reads 

being equal, and “Identified taxon” shows the final taxon assignment. (✝) indicates 

that the sample that did not contain any reads aligned to target sites, and thus could 

not be evaluated. Adapted from (Atağ et al., 2022). 

Sample ID Taxon 
mtDNA 
coverage 

Total 
assigned 

reads 

Sheep  
reads 

Goat 
reads 

p value 
Identified 

taxon 

TEP62 Sheep 45.4534 36 36 0 <0.001 Sheep 

TEP83 Sheep 21.7152 14 14 0 <0.001 Sheep 

OBI014 (OB20-06) Sheep   9.97996 14 14 0 <0.001 Sheep 

TEP03✝ Sheep 3.73327 0 0 0 <0.001 Sheep 

OBI018 (OB20-04) Sheep 2.39606 1 1 0 1.0 - 

ULU26✝ Sheep 1.39023 0 0 0 NA - 
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Table A.3 (cont’d)        

OBI013 (OB20-01) Sheep 1.25211 2 2 0 0.5 - 

ULU31✝ Sheep 1.01956 0 0 0 NA - 

OBI017 ✝ (OB21-06) Sheep 0.21726 0 0 0 NA - 

Acem1  Goat 77.4073 122 0 122 <0.001 Goat 

AP45 Goat 2.00415 3 0 3 0.25 - 

Azer3 Goat 49.7898 87 0 87 <0.001 Goat 

Direkli1 Goat 58.1783 92 13 79 <0.001 Goat 

Direkli6 Goat 106.625 174 15 159 <0.001 Goat 

Gilat10 Goat 1.71545 24 0 24 <0.001 Goat 

Shiqmim9 Goat 0.799651 9 0 9 0.003906 Goat 

Kov27 Goat 2.99934 41 0 41 <0.001 Goat 

Uiv17 Goat 0.909304 17 0 17 <0.001 Goat 
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B. Taxon assignment results of ancient and modern horse and donkey 

samples of known species identity using the “shared reads” option 

Table B. 1  MTaxi applied to ancient horse/donkey data of known species identity 

using the  “shared reads” option. The analysis was performed with n=117 

transversion substitutions between horse and donkey, (target sites type 1). “Taxon” 

is the known species identity (Table 2.1); “mtDNA coverage” represents the mtDNA 

coverage when mapping reads to the reference of the original species after the 

duplicates have been removed; “Total assigned reads” shows reads that mapped to 

both species’ mtDNAs, overlapped with target sites and could be assigned to either 

species; “Horse reads” and “Donkey reads” refer to the amount of reads assigned to 

either species; “p-value” shows the two-sided binomial test p-value for the 

proportion of horse and donkey reads being equal, and “Identified taxon” shows the 

final taxon assignment. Adapted from (Atağ et al., 2022). 

Sample ID Taxon 
mtDNA 
coverage 

Total 
assigned 

reads 

Horse  
reads 

Donkey 
reads 

p value 
Identified 

taxon 

Au6 Donkey 0.843071 47 1 46 <0.001 Donkey 

Et1 Donkey 1.96281 106 0 106 <0.001 Donkey 

Ke14 Donkey 4.03893 186 4 182 <0.001 Donkey 

Sp5 Donkey 0.981224 52 1 52 <0.001 Donkey 

Willy Donkey 0.490042 20 1 19 <0.001 Donkey 
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Table B.1(cont’d)        

FM1798 Horse 1.83667 85 85 0 <0.001 Horse 

Twilight Horse 0.608403 21 20 1 <0.001 Horse 

VHR031 Horse 0.319088 18 16 2 0.001312 Horse 

VHR102 Horse 0.72599 26 24 2 <0.001 Horse 

CdY2 Horse 1.29874 40 40 0 <0.001 Horse 
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C. Taxon assignment results for simulated ancient sheep/goat and 

horse/donkey mitogenomes with conservative approaches 

 

Figure C. 1 MTaxi applied to simulated ancient mitochondrial genomes at different 

coverages, including the conservative approaches. Binomial test p-values for the 

proportions of reads assigned to (a-d) sheep versus goat, and (e,f) and horse versus 

donkey. For sheep and goat, results are based on transversion substitutions without 

(a,b) and with (c,d) the exclusion of polymorphic sites. Results for both pairs are 

obtained through using “all reads” (a,c,e) and the “shared reads” option 

(b,d,f).  n=200 refers to the number of simulations at each coverage, n=100 for each 
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species. The height of the blue bar represents the number of simulated genomes 

identified correctly (p<0.05), the red bar represents the  unidentified cases, and the 

grey bar represents the ones with no reads aligned to target sites, and thus could not 

be tested. No cases were misidentified. Adapted from (Atağ et al., 2022)


