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More than 5,000 ancient 
humans analysed

https://umap.openstreetmap.
fr/en/map/ancient-human-

dna_41837#5/45.106/17.534

Quagga

Neanderthal

Pleistocene horse



Analyse a precise 
moment

Hard to analyse

Pros and Cons of  aDNA analysis



Characteristics of  aDNA

Degradation: Fragmentation and post-mortem damage
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Degradation: Fragmentation and post-mortem damage



Characteristics of  aDNA

Usually found in low quantities

Resulting in low coverage sequences (<1)



Environmental DNA Human DNA

Characteristics of  aDNA

Potentially contaminated

Not mapped to the human 
reference sequence

Controlled environment to 
prevent contamination



Sample collection

Tooth: relatively less DNA 
molecules, but greater
chance to find ancient
pathogens.

Petrous bones: relatively
more DNA molecules. Not
optimal for ancient
pathogen search.



Sample collection

• More endogenous DNA in the petrous bone

• Possibility to recover ancient pathogens from teeth

• How destructive is the method?

• Samples may be used for other analysis



aDNA clean lab
The laboratory is designed to prevent contamination:

• Controlled environment
• Positive pressure 
• Filtered air 
• UV light (optional)
• No entry without security devices (suits, masks, gloves etc.)
• Compartmentalized laboratory (one room for each operation)
• All objects brought from outside must be cleaned with 

appropriate products (or bleached)
• Daily cleaning



DNA extraction
There are several protocols that can be used to extract DNA from bones and teeth 

Drilling
Root tip for the 

teeth
Slices for the 

petrous bones

Decontamination
Washing samples with 

bleach to remove
impurities from the sample 

surface

Extraction
With EDTA (to remove
calcium minerals) and 

proteinase K (to remove
collagen fibers)

Purification
With silica
columns
(or other
methods)

Bone 
Pulverization

Optional



UDG treatment (optional)

No UDG treatment

Partial UDG treatment

Full UDG treatment



Library preparation

• Fragmentation (not needed in aDNA)
• DNA molecule end repair
• Adaptor ligation (with indexes for the sequencing)
• Adaptor fill-in
• PCR (outside the clean lab)



Sequencing

NGS Sequencing:
• Whole Genome Sequencing
• SNP capture



Sequencing

NGS Sequencing:
• Whole Genome Sequencing
• SNP capture
• Output: fastq files

A sequence identifier with information about the sequencing run

The sequence

Base call quality scores



Mapping

Mapping sequencing reads (from fastq files) to the reference genome



Authentication

• Amount of endogenous DNA (mapped/unmapped reads ratio)

• Ancient or modern DNA

• Contamination

• Read length
• aDNA damage

• X-based method (only for male samples)
• mtDNA method (Calculating the 

percentage of non-consensus bases at
haplogroup-defining positions)



Variant calling

Variant type:
• Genotypes
• Pseudo-haploid genotype
• Genotype likelihoods

Deal with post-mortem damage:
• Trim reads for partially UDG-treated samples
• Remove transitions (C <-> T, G <-> A)
• Likelihood methods

No UDG 
treatment

Partial UDG 
treatment

Full UDG 
treatment



Population genetics analysis for aDNA data



Principal Component Analysis (PCA)
• PCA is a linear transformation to a new coordinate system
• Reduction of dimensions: the genetic information contained in 1M SNPs can be summarized by a few new variables

Each individual (point) is represented
by two variables.

Find the axis of greatest variation (fit
line) —> The principal component.



Principal Component Analysis (PCA)
• PCA is a linear transformation to a new coordinate system
• Reduction of dimensions: the genetic information contained in 1M SNPs can be summarized by a few new variables

“Project” each point onto the line. Now each
individual is represented by one variable.

Each individual (point) is represented
by two variables.

Find the axis of greatest variation (fit
line) —> The principal component.



Principal Component Analysis (PCA)

Ind(1): 0101110110101110
Ind(2): 0111110110101111
Ind(3): 0100110110101011
Ind(4): 0111111111101111
Ind(5): 0101110110100001
.
.
.
Ind(n): 0101110110101111

PC1 PC2
0.01 -0.02
0.50 0.03
0.07 -0.13
0.02 -0.04
0.01 -0.05
.
.
.
-0.03 0.03



Principal Component Analysis (PCA)

• PCA reveal population structure

• Genetic Distance ≈ Physical distance

• Easily identify genetic outliers and 
isolated populations
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• PCA reveal population structure

• Genetic Distance ≈ Physical distance

• Easily identify genetic outliers and 
isolated populations

North European

Iberian

South European



Principal Component Analysis (PCA)

• PCA reveal population structure

• Genetic Distance ≈ Physical distance

• Easily identify genetic outliers and 
isolated populations



Principal Component Analysis (PCA)

Produce good results even when the information is low



Principal Component Analysis (PCA)

Factors that influence PCA:
• Migration
• Genetic drift
• Admixture
• Population size
• SNP selection



PCA with ancient samples

Low coverage individuals result in many SNPs with 
missing data

Usually, PCA methods will fill in all missing data. This 
results in PCA plots that have ancient individuals 
near/at the origin (0,0 coordinate).

Solution: Projection of ancient individuals.
We can infer eigenvectors using the reference set and 
then project ancient individuals onto those 
eigenvectors.

Not projected

Projected



Ancestry proportion inference (ADMIXTURE)



Ancestry proportion inference (ADMIXTURE)
Assumes that there are k ancestral populations and that the individuals included in the 
analysis have ancestry from those ancestral populations.

Red Blue Yellow

SNP1 0.1 0.5 0

SNP2 0.3 0.3 0.2

SNP3 0.6 0.1 0.1

SNP4 0.1 0.2 0.5

SNP5 0.7 0.3 0.9

Allele frequences

K = 3 ancestral population Red Blue Yellow

Admixed individual

= 0.5 + 0.4 + 0.1



Ancestry proportion inference (ADMIXTURE)



Ancestry proportion inference (ADMIXTURE)
Be careful when interpreting ADMIXTURE results!



Ancestry proportion inference (ADMIXTURE)
Be careful when interpreting ADMIXTURE results!

In this case, clustering will be the same as that for discrete populations



Ancestry proportion inference (ADMIXTURE)
Be careful when interpreting ADMIXTURE results!

Possible problem with low coverage samples

Ancient populations Modern populations



Tests of  “treeness” – f and Patterson’s D statistics

• Testing if a tree of population is correct

• Identify admixture and gene flow

• Simple to analyse

• Results easy to interpret

• Statistically robust even with a small number of loci

• Ideal for aDNA data

H1 H2 H3 H4

C

A B



Tests of  “treeness” – f and Patterson’s D statistics



f3 statistic

Two main purposes:
• Measuring how much two populations are similar with respect to an outgroup (1)
• Testing if a population is the result of an admixture between the other two 

populations (2)

C

A B

(1)

𝑓3 𝐶; 𝐴, 𝐵 =
1
𝐽+
!"#

$

(𝑐! − 𝑎!)(𝑐! − 𝑏!)

A BC

(2)

f3 > 0 f3 < 0



f3 statistic
𝑓3 𝐶; 𝐴, 𝐵 =

1
𝐽
+
!"#

$

(𝑐! − 𝑎!)(𝑐! − 𝑏!)

f3 < 0



Outgroup f3 statistic – Example
Goal: We want to test the genetic affinity of European populations to East Asia, by performing the statistic
f3(Han, X; Mbuti), where Mbuti is a distant African population and acts as outgroup here, Han denote Han 
Chinese, and X denotes various European populations



Target f3 statistic – Example
We can use target f3 to better understand what is the genetic relationship between East Asia and Europe



Target f3 statistic – Example
We can use target f3 to better understand what is the genetic relationship between East Asia and Europe

Out of Africa

Ancient Levant Ancient North Eurasia (?)

Ancient Siberia

Americas
(Karitiana)

East Asia
(Han)

Sardinian
North Europe

(French)



D statistic

• Detect signature of admixture between populations

• Identify the correct tree for a set of population

H1 H2 H3 H4



D statistic

• Analyse a tree with four population
• Pick one individual for each population (it can be 

performed also with the whole population)
• Look at a polymorphic site – “A” is the ancestral 

state and “B” is the derived one
• Possible observable pattern of allele sharing

B A A A

A B A A

A A B A

A A A B

A B B A

B A B A

B B A A



D statistic

B A A A

A B A A

A A B A

A A A B

A B B A

B A B A

B B A A

How to explain the patterns?
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D statistic

B A A A

A B A A

A A B A

A A A B

A B B A

B A B A

B B A A

How to explain the patterns?

It is important to note that 
gene genealogies necessarily 
follow the population tree



D statistic
ABBA and BABA sites 

A B B AAA BB



A B B AAA BB

D statistic

D statistic is calculated in this way:

𝐷 𝐻#, 𝐻%; 𝐻&, 𝐻' =
(𝑛())( − 𝑛)()()
(𝑛())( + 𝑛)()()

Using several (all) the loci in the genome

We are observing which pattern is the most frequent, ABBA or BABA



A B B AAA BB

D statistic

𝐷 𝐻#, 𝐻%; 𝐻&, 𝐻' =
(𝑛())( − 𝑛)()()
(𝑛())( + 𝑛)()()

D = (1000-500)/(1000+500) = 0.33 D > 0 if ABBA is more common

D = (500-1000)/(500+1000) = -0.33 D < 0 if BABA is more common



Interpreting D statistic

• If the tree is correct and there is no gene flow, we observe that 
most of the sites have a mutation pattern that is compatible with 
the tree (AAAA, BBAA, AABA, etc.)

• We can still observe some sites with the incompatible ABBA and 
BABA patterns, but there should be an approximately equal 
amount of each type of site.

• In this way, we should observe that D = 0 (or not significantly 
different from 0) A B B

AA

A

BB



Interpreting D statistic

What if D ≠ 0?
• Gene flow
• The tree is not correct 

A B B A

H2H3 H1 H4



Assessing the significance of  the D statistic

Genome

X Mb

• Compute standard error by performing many D statistic discarding every time a 
different portion of the genome

• We obtain a Z-score by dividing D (with the whole genome) by its standard error
• Z-score > |3| indicates significant D value



Deep human 
evolutionary history 

revealed by aDNA



Neanderthal 

• First ancient hominin discovered

• Modern humans closest relative

• Lived between ≈ 400,000 and 40,000 years ago

• Language?

• Abstract thinking?



D statistic – Human/Neanderthal admixture 

Whole genome sequences for one individual (or more) from each of the six following 
populations:
• Neanderthal
• Yoruba (Africa)
• Dinka (Africa)
• French (Europe)
• Han Chinese (East Asia)
• Chimpanzee (Outgroup)

We can compare their genomes and calculate the number of ABBA and BABA sites.



D statistic – Human/Neanderthal admixture 

H1 H2 H3 H4 N˚ ABBA N˚ BABA

Yoruba Dinka Neanderthal Chimpanzee 44,161 44,221

Yoruba French Neanderthal Chimpanzee 46,449 44,347

Yoruba Han Neanderthal Chimpanzee 48,227 43,863
A B B

AA
A

BB

𝐷 𝐻#, 𝐻%; 𝐻&, 𝐻' =
(𝑛())( − 𝑛)()()
(𝑛())( + 𝑛)()()



D statistic – Human/Neanderthal admixture 

H1 H2 H3 H4 N˚ ABBA N˚ BABA

Yoruba Dinka Neanderthal Chimpanzee 44,161 44,221

Yoruba French Neanderthal Chimpanzee 46,449 44,347

Yoruba Han Neanderthal Chimpanzee 48,227 43,863
A B B

AA
A

BB

𝐷 𝐻#, 𝐻%; 𝐻&, 𝐻' =
(𝑛())( − 𝑛)()()
(𝑛())( + 𝑛)()()

Test D-stat Standard error Z-score

Scenario 1 (Yoruba, Dinka; Neanderthal, Chimp) -0.000678 0.00336 -0.201

Scenario 2 (Yoruba, French; Neanderthal, Chimp) 0.02315 0.00473 4.894

Scenario 3 (Yoruba, Han; Neanderthal, Chimp) 0.04738 0.00543 8.725



D statistic – Human/Neanderthal admixture 

Test D-stat Standard error Z-score

Scenario 1 (Yoruba, Dinka; Neanderthal, Chimp) -0.000678 0.00336 -0.201

This result suggest that the pair of African genomes are symmetrically related to the Neanderthal and the chimp. 
Therefore, we infer that these two Africans form a clade to the exclusion of the Neanderthal and the chimp.

Moreover, we observe no statistically significant evidence of gene flow between the African individuals and the 
Neanderthal.



D statistic – Human/Neanderthal admixture 

Test D-stat Standard error Z-score

Scenario 2 (Yoruba, French; Neanderthal, Chimp) 0.02315 0.00473 4.894

This result suggests that the French genome shares a 
statistically significant larger proportion of derived alleles 
with the Neanderthal genome (excess of ABBA sites), than 
the Yoruba does. 



Test D-stat Standard error Z-score

Scenario 3 (Yoruba, Han; Neanderthal, Chimp) 0.04738 0.00543 8.725

D statistic – Human/Neanderthal admixture 

Similar to what we observed for Scenario 2, this suggests 
that the Han genome shares a statistically significant 
larger proportion of derived alleles with the 
Neanderthal genome (excess of ABBA sites), than the 
Yoruba does.



D statistic – Human/Neanderthal admixture 



D statistic – Human/Neanderthal admixture 

What if D ≠ 0?
• Gene flow
• The tree is not correct 

African Non-African Neanderthal Chimp

H2H3 H1 H4
AfricanNon-AfricanNeanderthal Chimp

What is the right model?



D statistic – Human/Neanderthal admixture 

How we can discriminate between the two model:
• Perform the complementary D-test

A B B

AA

A
BB

Afri
ca

n

Non
-A

fri
ca

n
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p

If this tree is correct, D = 0 (different from zero 
in a non-statistically significant way)

But, if African and non-African form a clade, we 
observe D > 0 (more ABBA sites)



D statistic – Human/Neanderthal admixture 

How we can discriminate between the two model:
• Perform the complementary D-test

A B B

AA

A
BB
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If this tree is correct, D = 0 (different from zero 
in a non-statistically significant way)

But, if African and non-African form a clade, we 
observe D > 0 (more ABBA sites)

D > 0



D statistic – Human/Neanderthal admixture 

How we can discriminate between the two model:
• Compare the results with different analysis

Neanderthal

Y chromosome phylogeny mtDNA phylogeny



D statistic – Human/Neanderthal admixture 

How we can discriminate between the two model:
• Compare the results with different analysis

Neanderthal ancestors out of Africa ≈ 500 kya Modern humans out of Africa ≈ 100 kya



Neanderthal
37-87 kya

D statistic – Human/Neanderthal admixture 



Selection of  Neanderthal-specific genes 

Locus Type of selection Associated phenotype

AMY1 Negative Starch digestion

FOXP2 Negative Speech

ASB1 Positive Night-time activity

HLA Positive Immune response

Introgression may have facilitated the adaptation of Eurasian populations to their new environment



DNA from an ancient hominin in Denisova

Whole genome analysis of the DNA obtained 
from the small phalanx



Whole genome analysis of the DNA obtained 
from the small phalanx

DNA from an ancient hominin in Denisova



Human/Denisova Admixture

H2H1 ChimpanzeeDenisova



Human/Denisova Admixture

Admixture event



Two pulses of  Denisova admixture

• Different Denisovans contributed to 
Asian and Melanesian modern 
genomes

• East Asians carry signature of both the 
admixture events

• Melanesians admixed only with 
“Oceanian” Denisovans



Selection of  Denisova-specific genes 

• The physiological response to low oxygen differs between 
Tibetans and individuals of low-altitude origin

• Adaptations that confer lower infant mortality and higher fertility
• EPAS1 (a transcription factor induced under hypoxic conditions) is 

the gene with the strongest signal of Tibetan specific selection
• Denisovans have the same EPAS1 as the Tibetans
• Adaptive introgression from Denisovans into the Tibetans 

genome



The story gets complicated



The story gets complicated

Human/Neanderthal admixture only 4 generation before 
this individual

Introgression from an unknown “super archaic” 
hominin into the Denisovans 

From a human population more ancient than the Out Of Africa



Early modern humans, Neanderthal and Denisovans all interbred with each other on multiple 
occasions in the past 100,000 years





Human evolution

• Not a linear process
• It is a bush in which the branches cross each 

other
• Some of these crosses have turned out to be 

beneficial for some modern populations



Human evolution

• Not a linear process
• It is a bush in which the branches cross each 

other
• Some of these crosses have turned out to be 

beneficial for some modern populations

• Super-archaic?
• Homo erectus?
• Homo floresiensis?

Homo erectus

Homo floresiensis
francesco.ravasini@uniroma1.it

mailto:Francesco.ravasini@uniroma1.it

