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Lecture 2A: Introduction to Ancient DNA
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We’ve come a long way
1984
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We’ve come a long way

“...quagga DNA sequences… 
[were sequenced] via the 
primed-synthesis, 
dideoxynucleoside 
chain-termination method of 
Sanger et al.” 

1984
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We’ve come a long way

“...quagga DNA sequences… 
[were sequenced] via the 
primed-synthesis, 
dideoxynucleoside 
chain-termination method of 
Sanger et al.” 

1984 1977
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We’ve come a long way
C
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We’ve come a long way
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We’ve come a long way
CAAGT
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We’ve come a long way
CAAGTGT

A full workday to get a 
single 100 bp sequence
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We’ve come a long way
CAAGTGT

A full workday to get a 
single 100 bp sequence

One Illumina NovaSeq 6000 run 
generates 10 billion sequences 
of up to 300 bp each
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We’ve come a long way
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We’ve come a long way

DNA 
DATA
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From quagga to ancient microbes
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Where do we get ancient microbial DNA?
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Where do we get ancient microbial DNA?

Germany, ca. 1100 CE
Warinner et al. 2014
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Where do we get ancient microbial DNA?

Tuberculosis, Peru 
1000 CE, Bos et al. 2014

Leprosy, England
ca. 1400 CE

Schünemann et al. 2018Tuberculosis, Egypt
250 BCE
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Where do we get ancient microbial DNA?

USA, 19th century, Duggan et al. 2020
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Where do we get ancient microbial DNA?

Austria, ca. 500 BCE

Mexico, ca. 700 CE
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Where do we get ancient microbial DNA?
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Where do we get ancient microbial DNA?

Pesturina Cave, ca. 100 kya

Denisova Cave, ca. 120 kya
Massilani et al. 2022
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What is ancient DNA?
Any DNA from a non-living source that shows evidence 
of molecular degradation

Not defined by a fixed age, but rather its condition

● 100,000-year-old Neanderthal oral microbiome DNA from 
dental calculus

● 5,000-year-old hepatitis B virus DNA from teeth
● 2,000-year-old gut microbiome DNA from paleofeces
● 600-year-old plague DNA from skeletons
● Oral bacterial DNA from 19th century gorillas in a museum
● Pathogen DNA from a 19th century medical specimen in 

alcohol
● Leprosy DNA from mid-20th century formalin-fixed 

paraffin embedded (FFPE) tissue blocks
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What is ancient DNA?
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What is ancient DNA?

U

U U
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Genome basics
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Paris japonica
149 Gbp

Protopterus aethiopicus
130 Gbp

Pandoravirus salinus
2.5 Mbp

Sorangium cellulosum
13 Mbp

Relative genome sizes

Viruses: 5-100 thousand bp (kbp)

Bacteria: 1-5 million bp (Mbp)

Animals: 3-6 billion bp (Gbp)

Plants: 6-18 billion bp (Gbp)

Polychaos dubium
670 Gbp
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Human genome
3 Gbp
Copies: 2
Total: 6 Gbp

Mitogenome
16.5 kbp
Copies: 1000+

Chromosomes: 46 (23 pairs)
50-250 Mbp each
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Hofreiter et al. 2001
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Hofreiter et al. 2001

U U
U

C->T
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DNA damage
1. Depurination: 

Random loss of A and G bases

2. Nicking: 
Hydrolytic attack of phosphate backbone at sites of depurination

3. Fragmentation: 
When two nicks on opposite strands are very close together, the hydrogen 
bonds between the bases aren’t strong enough to hold the strands together and 
they separate, or “melt”, causing fragmentation with single-stranded overhangs

4. Deamination:
Cytosines on single-stranded overhangs undergo hydrolytic attack and lose 
their amine group, converting into uracil. DNA polymerases “read” the uracil as 
a thymine, introducing C->T errors in downstream sequences

1.

U U
U
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How was this figured out?
pre-NGS era

Knew aDNA was fragmented but actual fragment length distribution was unknown 
(Pääbo et al. 2004)

Length of aDNA couldn’t be precisely measured - short DNA easily lost during 
extraction, and DNA recovery was too low to see on a gel 

Lots of guesses of “around 100 to 500 bp”

Early PCRs targeted DNA templates 300-500 bp long, but high PCR failure rate and 
vexing contamination problems (Hagelberg 1991; Champlot et al. 2010)

Known for some time that was an excess of C->T and G->A miscoding lesions in aDNA, 
but damage process was not well understood (Gilbert et al. 2003)

DNA damage was a “problem”
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How was this figured out?
NGS era

Instead of requiring primer sites on the DNA template, NGS ligated primer binding 
sites onto the ends of molecules, making it possible for the first time to recover ALL 
of the DNA and measure the true size of aDNA

The order of damage processes could be determined and the process of DNA 
degradation could be defined (Briggs et al. 2007)

Improved extraction methods improved recovery of very short fragments, revealing 
that aDNA is very short, with an average of about 30-50 bp (Dabney et al. 2012)

The predictability of DNA damage became the “solution” to authenticating aDNA 
(Jónsson et al. 2013; Skoglund et al. 2014)

NGS era
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How was this figured out?
2007
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How was this figured out?
2007

U U
U

nicknamed “smile plot”
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Why a “smile” plot? C->T G->A

Randomness of nicking (causes overhangs)
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Randomness of nicking (causes overhangs)

Cytosine deaminates 1000x faster when on 
overhang
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Why a “smile” plot? C->T G->A

Randomness of nicking (causes overhangs)

Cytosine deaminates 1000x faster when on 
overhang

Asymmetric behavior of repair enzymes during 
blunt end library construction
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Why a “smile” plot? C->T G->A

DNA has a 5’ -> 3’ orientation:

5’

5’3’

3’

T4
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’
C->T G->A

U

U U

UU

U

3’ 3’5’ 5’ UU

T4
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

First step of NGS library construction 
is DNA repair to make strands fully 
double stranded with blunt ends

C->T G->A

U

U U

UU

U

3’ 3’5’ 5’ UU

T4
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

First step of NGS library construction 
is DNA repair to make strants fully 
double stranded with blunt ends

T4 polymerase cuts off 3’ overhangs 
and fills in 5’ overhangs

C->T G->A

U

U U

UU

U

3’ 3’5’ 5’ UU

T4
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’
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5’ 5’

5’ 5’

First step of NGS library construction 
is DNA repair to make strants fully 
double stranded with blunt ends

T4 polymerase cuts off 3’ overhangs 
and fills in 5’ overhangs

Then T4 polymerase fills in the 
5’ overhangs
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’

3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

5’ 5’

First step of NGS library construction 
is DNA repair to make strants fully 
double stranded with blunt ends

T4 polymerase cuts off 3’ overhangs 
and fills in 5’ overhangs

Then T4 polymerase fills in the 
5’ overhangs

C->T G->A

U

U

U

U
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A

A
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

5’ 5’3’ 3’

3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

5’ 5’

And later when the strands are melted and 
reoriented 5’ to 3’ for sequencing…

C->T G->A

U

U

U

U
A

A

A

A

T4
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

C->T G->A

3’5’

3’5’

3’5’ U

5’ 3’U

5’ 3’A

3’5’ U A

3’5’ U A

3’5’ A

And later when the strands are melted and 
reoriented 5’ to 3’ for sequencing…

All the T miscoding lesions are on the 5’ end, 
and all the complementary As are on the 3’ 
end.
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

C->T G->A

3’5’

3’5’

3’5’ U

5’ 3’U

5’ 3’A

3’5’ U A

3’5’ U A

3’5’ A

And later when the strands are melted and 
reoriented 5’ to 3’ for sequencing…

All the T miscoding lesions are on the 5’ end, 
and all the complementary As are on the 3’ 
end.

The only damage is C->T, but because of the 
T4 polymerase, you only “see” the 5’ Ts in the 
data, and the As are just the complement.
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Why a “smile” plot?
DNA has a 5’ -> 3’ orientation:

C->T G->A

3’5’

3’5’

3’5’ U

5’ 3’U

5’ 3’A

3’5’ U A

3’5’ U A

3’5’ A

Fun fact:

Because damage typically only occurs on 
single-stranded overhangs, the 
misincorporation rate can never reach 1, and 
the maximum rate under normal 
circumstances is 0.5.
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DNA damage as authentication tool
mapDamage (2011) & mapDamage 2.0 (2013)

PMD tools (2014)

DamageProfiler (2021)
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DNA damage as authentication tool
mapDamage (2011) & mapDamage 2.0 (2013)

PMD tools (2014)

DamageProfiler (2021)
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DNA damage as authentication tool

Not ancient Ancient

Images: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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DNA damage as authentication tool

Not ancient Ancient

Too few reads
(typically need >1000)

Spiky!

Images: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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DNA damage as authentication tool

Not ancient Ancient

Too few reads
(typically need >1000)

Ancient but wrong 
(but related) reference 

genome

Elevated 
baseline

Spiky!

Images: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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DNA damage as a clock?
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DNA damage as a clock?
…sort of, but not really

More like a clock that only says “today” or “a while ago”



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

DNA damage as a clock?

Relationship to time not 
linear

DNA damage highly 
dependent on local 
temperature and 
humidity

Morales-Arce et al. 2017

Costa Rica, ca 1000 CE

Mexico, ca. 1000 CE

Skoglund et al. 2014

…sort of, but not really

More like a clock that only says “today” or “a while ago”
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DNA damage as a clock?

Warinner et al. 2017

And varies by organism 
- even within the same 
sample

DNA damage is a 
relative indicator
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Removing damage - UDG
Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)

3’ 3’5’ 5’U U
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Removing damage - UDG

X X

UDG clips out the uracil base, leaving an 
abasic site (X)

3’ 3’5’ 5’
Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

Removing damage - UDG

Endo VIII clips the DNA backbone at the 
abasic site, shortening the DNA 

3’ 3’5’ 5’
Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)
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Removing damage - UDG
3’ 3’5’ 5’

T4 polymerase trims the 3’ overhang

Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)
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Removing damage - UDG
3’ 3’5’ 5’

T4 polymerase fills in the 5’ overhang

Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)
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Removing damage - UDG
3’ 3’5’ 5’

Cytosine damage is now gone 

DNA will have no damage 
and be a little bit shorter

Damage is useful for authentication, but sometimes 
you don’t want it - especially for sensitive genotyping 
and tree building analyses when base calling accuracy 
is important.

You can remove damaged cytosines with the enzyme 
cocktail USER, which contains uracil–DNA–glycosylase 
(UDG) and endonuclease VIII (Briggs et al. 2009)
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Removing damage - UDG-half
Sometimes you don’t want to remove all of the 
damage. Maybe you want to remove almost all of the 
damage (to improve sequence accuracy) but leave 
just one damaged base at the end (for 
authentication).

Can you have your cake and eat it too? Yes!
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Removing damage - UDG-half
Sometimes you don’t want to remove all of the 
damage. Maybe you want to remove almost all of the 
damage (to improve sequence accuracy) but leave 
just one damaged base at the end (for 
authentication).

Can you have your cake and eat it too? Yes!

You can remove all but the innermost damaged 
cytosines using a partial UDG protocol, also called 
UDG-half protocol (Rohland et al. 2015)

Damage will only be on the 
first base

Cartoon: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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Removing damage - UDG-half
Sometimes you don’t want to remove all of the 
damage. Maybe you want to remove almost all of the 
damage (to improve sequence accuracy) but leave 
just one damaged base at the end (for 
authentication).

Can you have your cake and eat it too? Yes!

You can remove all but the innermost damaged 
cytosines using a partial UDG protocol, also called 
UDG-half protocol (Rohland et al. 2015)

Note: the damage after partial UDG treatment is 
always lower than no treatment - can you think why?

Damage will only be on the 
first base

Cartoon: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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Single stranded libraries

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

U

U U

UU

U

3’ 3’5’ 5’ UU
Okay, everything we’ve talked about so far is 
valid for DNA sequence data generated from 
standard double stranded DNA libraries 
(Meyer and Kircher 2010)



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

Single stranded libraries

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

U

U U

UU

U

3’ 3’5’ 5’ UU
Okay, everything we’ve talked about so far is 
valid for DNA sequence data generated from 
standard double stranded DNA libraries 
(Meyer and Kircher 2010)

But you can also make libraries using a 
single-stranded DNA library construction 
protocol (Gansauge and Meyer 2013, 2019)
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Single stranded libraries

5’ 5’3’ 3’

3’ 3’

3’ 3’5’ 5’

5’ 5’

U

U U

UU

U

3’ 3’5’ 5’ UU
Okay, everything we’ve talked about so far is 
valid for DNA sequence data generated from 
standard double stranded DNA libraries 
(Meyer and Kircher 2010)

But you can also make libraries using a 
single-stranded DNA library construction 
protocol (Gansauge and Meyer 2013, 2019)

This protocol does not clip 3’ overhangs so 
you keep all of your original damage
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Single stranded libraries

5’ 3’

3’5’

3’5’ U

3’5’ U U

5’ 3’U U

3’5’ U

3’5’ U

3’5’ U

Okay, everything we’ve talked about so far is 
valid for DNA sequence data generated from 
standard double stranded DNA libraries 
(Meyer and Kircher 2010)

But you can also make libraries using a 
single-stranded DNA library construction 
protocol (Gansauge and Meyer 2013, 2019)

This protocol does not clip 3’ overhangs so 
you keep all of your original damage
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Okay, everything we’ve talked about so far is 
valid for DNA sequence data generated from 
standard double stranded DNA libraries 
(Meyer and Kircher 2010)

But you can also make libraries using a 
single-stranded DNA library construction 
protocol (Gansauge and Meyer 2013, 2019)

This protocol does not clip 3’ overhangs so 
you keep all of your original damage

As a result, smile plots are C->T on both 
sides

Single stranded libraries

5’ 3’

3’5’

3’5’ U

3’5’ U U

5’ 3’U U

3’5’ U

3’5’ U

3’5’ U

C->T C->T
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Damage wrap-up

Images: Zandra Fagernäs & nf-core/eager team CC-BY 4.0
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Enzyme alert!
As you know, uracil (U) is not a normal component of DNA

So far, we’ve discussed how enzymes like T4 polymerase 
treats uracil (U) like a thymine (T), introducing C->T 
misincorporations

NOT ALL ENZYMES DO THIS
3’ 3’5’ 5’U

U

A

A
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Enzyme alert!
As you know, uracil (U) is not a normal component of DNA

So far, we’ve discussed how enzymes like T4 polymerase 
treats uracil (U) like a thymine (T), introducing C->T 
misincorporations

NOT ALL ENZYMES DO THIS

Some enzymes just …              … when they encounter a U.

3’ 3’5’ 5’U

U

A

A
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Enzyme alert!
As you know, uracil (U) is not a normal component of DNA

So far, we’ve discussed how enzymes like T4 polymerase 
treats uracil (U) like a thymine (T), introducing C->T 
misincorporations

NOT ALL ENZYMES DO THIS

Some enzymes just …              … when they encounter a U.

The damage present in ancient DNA (fragmentation and 
deamination) requires the use of specialized library 
protocols specifically for ancient DNA

3’ 3’5’ 5’U

U

A

A
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Enzyme alert!
DNA polymerases come in two flavors:

● Non-proofreading - treat U like a T
● Proofreading - stop at U

For ancient DNA, it is critical to use a non-proofreading polymerase for library 
construction and the indexing PCR in order to lock in the damage by turning U into T

Later amplifications can use a proofreading polymerase 

Note: if you use a proofreading enzyme for library construction, your damaged aDNA 
molecules will not be sequenced, which may bias your dataset towards 
contamination. However, UDG-treated aDNA is compatible with proofreading 
enzymes because its DNA damage has already been removed. 
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Enzyme alert!
Why use proofreading enzymes at all?

Proofreading enzymes are more accurate

So we use proofreading enzymes for every step except the two key steps in which the 
polymerase encounters the original damaged cytosines (U):

● non-proofreading T4 polymerase for DNA repair
● non-proofreading polymerase (e.g., Pfu Turbo Cx) for library indexing 

amplification

Subsequent amplifications, reamplifications, and reconditioning steps are all 
performed using a proofreading enzyme (e.g., Herculase II)
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Enzyme alert!
For more information about library protocols and enzymes, 
check out our online bench protocols:
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Big picture: Why does DNA 
damage matter?
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Big picture: Why does DNA 
damage matter?
Allows DNA authentication of: 
● Individual species (Jonsson et al. 2013)
● Metagenomic assemblies (Borry et al. 2021)
● Individual reads (Skoglund et al. 2014)
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● Taxonomic identification of sequences
● Accurate genome mapping
● Metagenomic assembly
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Big picture: Why does DNA 
damage matter?
Allows DNA authentication of: 
● Individual species (Jonsson et al. 2013)
● Metagenomic assemblies (Borry et al. 2021)
● Individual reads (Skoglund et al. 2014)

Poses major challenges for:
● Taxonomic identification of sequences
● Accurate genome mapping
● Metagenomic assembly

Turns out the biggest challenge is not C deamination, but fragment length

UUU
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Big picture: Why does DNA 
damage matter?
Taxonomic identification of sequences

● DNA fragments <30 bp lack 
sufficient specificity for taxonomic 
assignment - they align to too many 
genomes with no phylogenetic 
coherence
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Big picture: Why does DNA 
damage matter?
Taxonomic identification of sequences

● DNA fragments <30 bp lack 
sufficient specificity for taxonomic 
assignment - they align to too many 
genomes with no phylogenetic 
coherence

● 1-million-year limit of aDNA is not 
how long DNA survives, but how 
long DNA sequences >30 bp survive 
(van der Valk et al. 2022)

UUU
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Big picture: Why does DNA 
damage matter?
Accurate genome mapping

● DNA sequences <100 bp often lack taxonomic 
specificity within clades, leading to cross-mapping 
within groups of related microbial taxa
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Big picture: Why does DNA 
damage matter?
Accurate genome mapping

● DNA sequences <100 bp often lack taxonomic 
specificity within clades, leading to cross-mapping 
within groups of related microbial taxa

● When there are insufficient reference genomes for 
a given species or genus, these short sequences 
can easily be misassigned to the wrong strain or 
species (Warinner et al. 2017; Velsko et al. 2018)
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Big picture: Why does DNA 
damage matter?
Accurate genome mapping

● DNA sequences <100 bp often lack taxonomic 
specificity within clades, leading to cross-mapping 
within groups of related microbial taxa

● When there are insufficient reference genomes for 
a given species or genus, these short sequences 
can easily be misassigned to the wrong strain or 
species (Warinner et al. 2017; Velsko et al. 2018)

● Causes big problems for genotyping, building 
phylogenies, and inferring evolutionary histories 
(Fellows-Yates et al. 2021)

UUU

?
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Big picture: Why does DNA 
damage matter?
Metagenomic assembly

● DNA sequences <250 bp are challenging to de 
novo assemble 
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Big picture: Why does DNA 
damage matter?
Metagenomic assembly

● DNA sequences <250 bp are challenging to de 
novo assemble 

● Result in many short contigs because the reads 
aren’t long enough to span repetitive elements

UUU



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

Big picture: Why does DNA 
damage matter?
Metagenomic assembly

● DNA sequences <250 bp are challenging to de 
novo assemble 

● Result in many short contigs because the reads 
aren’t long enough to span repetitive elements

● Many assemblers automatically discard short 
sequences - so be sure to change default settings!
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Big picture: Why does DNA 
damage matter?
Metagenomic assembly

● DNA sequences <250 bp are challenging to de 
novo assemble 

● Result in many short contigs because the reads 
aren’t long enough to span repetitive elements

● Many assemblers automatically discard short 
sequences - so be sure to change default settings!

● Metagenome-assembled genomes (MAGs) are 
possible, but require pipelines fine-tuned for aDNA 

UUU
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Ancient DNA review
XXX 1. Ancient DNA has changed enormously since its beginnings in the early 1980s! 

2. Gone are the days of radiographic films and rulers for DNA sequencing; now we 
have machines capable of churning out 10 billion sequences at a time

3. This means archaeogeneticists today must learn coding and scripting
4. Genomes are big but they fragment into thousands or millions of pieces once the 

organism dies
5. The shortness of the DNA fragments - mode 30-50 bp, with max ~150 bp - makes 

taxonomic identification, genome mapping, and metagenomic assembly hard
6. Ancient DNA accumulates damage, and we can characterize fragmentation and 

cytosine deamination as indicators of authenticity, but not precise age
7. Ancient DNA requires specialized laboratory and library protocols in order to 

handle DNA damage
8. We now have options to remove damage with UDG or we can recover even more 

damage with ssDNA library protocols, depending on the application
9. DNA fragmentation is our biggest challenge in ancient metagenomics
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Questions?
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