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Abstract Repetitive microsatellite DNA forms a universal component of eukaryote genomes and specific biochemical

properties of such repeat regions may influence the outcome of laboratory protocols. The Atlantic cod (Gadus morhua)
genome contains an order of magnitude more dinucleotide repeats than the majority of vertebrates, with over eight

percent of its genome that can be classified as either AC or AG dinucleotide repeat. We find that the abundance of these

repeats can be inflated in ancient DNA (aDNA) whole genome sequencing (WGS) data generated from this species, in

particular in samples with a lower fragment length. This inflation is suppressed by a reduced number of amplification

cycles and by the inclusion of manufactured dinucleotide repeat oligonucleotides during amplification. These data

indicate that a biased amplification reaction leads to artificially high levels of AC and AG repeats. This process appears

to be particularly efficient in Atlantic cod –likely due to its high genomic content of repeats with relatively simple

sequence complexity. While the extend of such bias in other studies is unclear, we nonetheless urge caution when

quantifying repeat content in aDNA WGS data, given that amplification bias can be difficult to detect if this process

affects more complex repeat structures than dinucleotide repeats.
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Introduction
Microsatellite DNA or short tandem repeats (STRs) that
iterate short motifs of less than 6 base pair (bp) form a
universal component of eukaryote genomes (Tautz
and Renz 1984, Ellegren 2004, Amos and Clarke
2008). Microsatellites occur in a range of different com-
positions, ranging from perfect stretches of simple
mono- or dinucleotide repeats to complex compound
combinations of imperfect repeats (Chambers and
MacAvoy 2000). While compound microsatellites are
found more frequently than expected by chance
alone (Kofler et al. 2008), the majority of microsatellites
in vertebrate genomes occur as dinucleotide repeats,
with AC, AG and AT being the most common type,
and with GC repeats being rare (Ellegren 2004). Their
widespread occurrence and high level of individual
variation have made microsatellites a popular genetic
tool for an impressive range of biological applications
(Tautz 1989, Chambers and MacAvoy 2000), even
though microsatellite evolution itself is not fully

understood (Buschiazzo and Gemmell 2006, Bhargava
and Fuentes 2010).

The repetitive nature of microsatellites provides
several challenges that make their genome wide analy-
sis difficult. Most obviously, if sequencing reads do not
span the repeat region, the algorithms used in genome
assembly or read mapping cannot resolve the repeat
pattern correctly (Gymrek et al. 2012). Moreover,
their detection in genomic data is not straightforward
and consequently a range of algorithms has been
developed to address this issue (Merkel and Gemmell
2008). The bioinformatics issues associated with ana-
lyzing microsatellites repeats are therefore well recog-
nized (e.g., Schaper et al. 2012). Nevertheless, the
peculiar biochemical properties of microsatellites and
in particular those of dinucleotide repeats are not
often considered to affect whole genome sequencing
(WGS) approaches.

Unusually high levels of AC and AG dinucleotide
repeats have previously been demonstrated in ancient
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DNA (aDNA) sequencing libraries generated from Atlan-
tic cod (Gadus morhua) samples (Figure S5, Star et al.
2014). Such levels are problematic, because reads con-
taining repeats cannot be reliably mapped towards a
reference genome, reducing the proportion of endogen-
ously classified reads. Given that sequencing aDNA
samples is a relatively expensive endeavor, efficiency
of library protocols is of prime interest when handling
such samples.

It is well known that postmortem degradation and
laboratory protocols introduce systematic sequence
bias in data generated from aDNA samples. For
instance, degradation leads to enhanced cytosine dea-
mination in single stranded 5′-overhangs (Briggs et al.
2007, Green et al. 2009, Krause et al. 2010, Ginolhac
et al. 2011) and to an increased proportion of
purines at the positions immediately preceding the
5′ termini of DNA fragments (Briggs et al. 2007, Over-
balle-Petersen, Orlando, and Willerslev 2012, Meyer
et al. 2012). Moreover, aDNA sequencing reads are
biased in GC content depending on fragment length
and type of Taq polymerase used (Green et al. 2008,
Briggs et al. 2009, Meyer and Kircher 2010, Dabney
and Meyer 2012) and are selected against starting
with a thymine residue when using AT-overhang lig-
ation protocols (Seguin-Orlando et al. 2013). Biases
currently known to affect aDNA sequencing,
however, do not explain the large proportion of AC
and AG repeats detected in the aDNA sequencing
data from Atlantic cod (Star et al. 2014).

Interestingly, considerably longer microsatellites
have been reported in fish (Neff and Gross 2001) com-
pared to other vertebrates, and the Atlantic cod
genome in particular is rich in simple repeats (Jiang
et al. 2014). We wondered whether the endogenously
occurring dinucleotide repeats in the Atlantic cod
genome could be causal to their overrepresentation
in the aDNA sequencing data, perhaps due to a prefer-
ential preservation, ligation or amplification or a com-
bination of these factors.

Here we characterize AC and AG repeats in a range
of vertebrate genomes and in contemporary and
aDNA sequencing data from Atlantic cod and several
other species. First, we show that the Atlantic cod
genome assembly contains an order of magnitude
more AC and AG repeats than the majority of ver-
tebrate genomes and that –depending on sample
fragmentation– these values can be highly inflated
sequencing data from historic samples compared to
those from contemporary material in Atlantic cod.
Second, we show that amplification conditions
strongly influence the relative proportion of these
types of repeats. Third, the proportion of these
repeats can be altered through the inclusion of artifi-
cially made repetitive oligonucleotides during the
amplification of WGS libraries generated from aDNA
samples. We further investigate if similar patterns can
be observed in publicly available contemporary and
ancient DNA sequence data. Based on our results, we
suggest two hypotheses that may allow the biased

proliferation of repeats, leading to those levels
observed in our sequencing data. These observations
highlight the methodological complications that can
be encountered when targeting species with diver-
gent genomic compositions.

Material and Methods
Dinucleotide repeat estimation
We investigated variation in dinucleotide repeat
content using several publicly available resources.
First, complete vertebrate assemblies (n = 63) were
obtained from Ensembl (release 76, see Supplemen-
tary Table 1). Primary assembly files were used for
human and mouse while DNA toplevel fasta files
were used for all other species. For salmon we used
the ASM23337v1 assembly (http://www.icisb.org/
atlantic-salmon-genome-sequence/). For rainbow
trout we used the assembly described in Berthelot
et al. (2014). Dinucleotide repeat content was esti-
mated using Tandem Repeat Finder (TRF, version
407b) with settings ‘2 2 7 80 10 20 2 -ngs’, which ident-
ifies repeats up to periodicity of two base pairs (bp)
with a minimum length of 10 bp. Dinucleotide repeat
estimates were summed for each respective repeat
type, including their reverse complement (e.g. Total
AC content = AC + CA + GT + TG). The total number
of identified dinucleotide repeats was divided by the
amount of bases in each assembly, excluding any
undermined bases in gaps.

Second, we investigated publicly available contem-
porary Illumina Hiseq read data from six species (cat,
dog, rabbit, rat, rainbow trout and human). Up to 30
individual fastq.gz files were randomly selected per
species from the European Nucleotide Archive (ENA,
http://www.ebi.ac.uk/ena). Specifically for dog, we
excluded read data from tumor samples. Dinucleotide
repeat estimates were obtained as described above
using a subset of 1 million reads obtained with the
‘sample’ subcommand of seqtk (https://github.com/
lh3/seqtk version of Oct 16, 2012, commit hash
d43d3704d4). These estimates were compared to the
respective repeat composition in each species’
genome assembly.

Third, short-read sequence data (282 single-end
fastq.gz files) were obtained from the ENA for three
human aDNA studies (Rasmussen et al. 2010, Rasmus-
sen et al. 2011, Gamba et al. 2014). These studies were
specifically selected because they provide aDNA
shotgun sequence data generated from samples with
a high endogenous DNA content and use a similar
library creation protocol, although various poly-
merases (Phusion, AmpliTaq Gold/Phusion and Accu-
prime) and amplification schemes were used. We
trimmed adapter sequences using AdapterRemoval
v1.5 (Lindgreen 2012) with –trimns, –minlength 25 as
settings and estimated repeat content in subsets of 1
million truncated reads as described above.

Finally, we investigate the dinucleotide repeat
content in fragmented, contemporary human sequencing
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data obtained from Dabney and Meyer (2012). This study
investigates the effects of different polymerase buffer
systems and the data consist of identical sequencing
libraries that have been amplified using a variety of con-
ditions, allowing their direct comparison.

DNA extraction historic samples
DNA was extracted from Atlantic cod scales using the
same protocol as described in Star et al. (2014) in a
dedicated historic DNA facility at the Natural History
Museum (NHM) in Oslo. Scale samples were obtained
from Canada (n = 8, year 1940) and Norway (n = 24,
year 1907, see Supplementary Table 2). Briefly, scales
were incubated overnight in TNES buffer (10 mM Tris,
pH 7.5, 400 mM, NaCl 100 mM EDTA 0.6% SDS) with
5 mM CaCl2 and 10% proteinase K at 55°C. The extracts
were concentrated (Amicon-30kDA Centrifugal Filter
Units) and DNA was bound to Qiaquick Nucleotide
Removal Kit spin columns according to manufacturer’s
instructions. DNA was eluted in 50 µl of EB buffer at 37°
C for 15 minutes. Concentration was determined using
the Qubit dsDNA HS Assay (Life Technologies).

Library creation and amplification
Approximately 150 ng of extracted DNA was used to
create Illumina compatible sequencing libraries follow-
ing the protocol from Meyer and Kircher (2010) using
the NEBNext® DNA Library Prep Master Mix Set for
454™ (E6070S, New England Biolabs). A custom
index of six bp was designed, with a minimum distance
of three bp between each single index sequence. The
ligated DNA was eluted in 30 µl EB after blunt-end
repair, adapter ligation and adapter fill-in.

After recommendations (Dabney and Meyer 2012),
ligated DNA extracts –unless stated otherwise– were
amplified for a total of 12 cycles using the following
conditions: The index PCR was performed with 15 µl
of ligated DNA for eight cycles (2 min at 95°C, 8
cycles of 30s at 95°C, 30s at 60°C and 70s at 72°C,
final extension step of 10 min at 72°C) with PfuTurbo
Cx Hotstart DNA Polymerase (Agilent Technologies,
1x buffer, 0.2 mM per dNTP, 0.2 μM P5 index primer,
0.2 μM P7, 0.4 mg/ml BSA and 2.5 units polymerase).
The indexed libraries were subsequently cleaned
using MinElute spin columns (Qiagen), eluted in 32 µl
and divided over four tubes. These aliquots were
additionally amplified for four cycles (2 min at 95°C,
4 cycles of 20s at 95°C, 20s at 60°C and 40s at 72°C,
final extension step of 3 min at 72°C) with Herculase
II Fusion DNA Polymerase (Agilent Technologies, 1x
buffer, 0.25 mM per dNTP, 0.25 μM P5, 0.25 μM P7,
DMSO 1% and 1 unit polymerase) and pooled before
cleanup with Agencourt AMPure XP (Beckman
Coulter).

For a subset of six Canadian specimens, we divided
the ligated DNA extract to investigate the effect of an
increased number of amplification cycles. For these,
15 µl of ligated DNA from the same ligation reaction
was also amplified for a total of 18 cycles by increasing
the second round of PCR to 10 cycles. Finally, we

performed an experiment using two Canadian speci-
mens for each of which we created three ligated
DNA extracts. For each specimen, one ligated DNA
extract was amplified using the conditions described
above (8 + 4 cycles), one extract was amplified with
the addition of an artificial, single stranded dinucleo-
tide AC15 repeat oligonucleotide of 30 bp and one
extract was amplified with an AG15 oligonucleotide
(Supplementary Table 2). These oligonucleotides
were added to a final concentration of 0.2 μM before
index amplification with PfuTurbo Cx Hotstart DNA
Polymerase for 8 cycles, after which samples were
treated as above. The quality and concentration of
libraries was obtained using a Bioanalyzer 2100
(Agilent Technologies) with a high sensitivity DNA kit,
after which they were pooled and sequenced on a
Hiseq 2000 (Illumina).

DNA extraction and library creation of
contemporary Atlantic cod samples
DNA was extracted from contemporary 24 Atlantic cod
specimens from Norway using a DNeasy Blood &
Tissue kit (Qiagen), and sheared to an approximate
insert size of 350 bp. Over 2 μg of DNA per sample
was used to create Illumina compatible sequencing
libraries using a TruSeq DNA PCR-Free LT Library Prep-
aration Kit. Samples were pooled in various combi-
nations and sequenced on a Hiseq 2000 (Illumina).

Sequencing and analysis
Using Illumina RTA & CASAVA software (versions
1.18.61.0 & 1.8.4, respectively) paired-end sequencing
reads were demultiplexed and assigned to individual
samples based on their index sequence, allowing
zero mismatch. Forward and reverse reads were col-
lapsed and remaining adapter sequences were
removed using the program AdapterRemoval v1.5
(Lindgreen 2012) with –mm 0.33, –collapse, –trimns,
–minlength 25, requiring a minimum overlap of 11
bases. Collapsed reads were used for further analyses
and, for the majority of individual datasets, dinucleo-
tide repeat estimates were obtained as described
above using a subset of 1 million collapsed reads
obtained with seqtk (see Supplementary Table 1). We
also investigated the relationship between read
length and dinucleotide repeat content by dividing
reads in 10 bp bins using PRINSEQ-lite (v0.20.4)
(Schmieder and Edwards 2011). Following recommen-
dations (Schubert et al. 2012), we aligned collapsed
reads to the Atlantic cod reference genome
(ATLCOD1C, Star et al. 2011) using the aln algorithm
of BWA v.0.7.5a-r405 (Li and Durbin 2009) with
seeding disabled and -o 1 and -n 0.03. Reads that
align with a minimum mapping quality score (MapQ)
of 25 were considered endogenous.

Results
The Atlantic cod genome contains the highest AC and
AG content compared to any other vertebrate genome
of which the majority contains less than one percent of
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either type of repeat (Figure 1a, Supplementary Table
1). Interestingly, the AC and AG content of contempor-
ary Atlantic cod read data is lower than that of its
assembled genome (Figure 1b). Similar discrepancies
are observed in the contemporary read data of six
other species whereby one or both types of dinucleo-
tide repeat are underrepresented in the majority of
individual libraries (Supplementary Figure 1). Nonethe-
less, the AC and AG repeat content in Atlantic cod read
data from historic sources is substantially higher and
depends on sample location (Figure 1b). The Canadian
samples in particular have an inflated proportion of AC
and AG dinucleotide repeats –between 20% to 35% of
all nucleotides can be classified as one of these types
of repeats– while the Norwegian samples contain
more moderate levels. For an identical number of
PCR cycles (12 cycles), Norwegian samples contain
more endogenous DNA (58%) than Canadian
samples (42%, Supplementary Table 2). The high
repeat content in Canadian samples is associated
with a substantially lower average insert length, indi-
cating that DNA is more fragmented in these
samples compared to those from Norway. Moreover,
the elevated levels of AC and AG repeats in the historic
sequencing data are inversely related to read length
with shorter reads containing more repeats (Sup-
plementary Figure 2). In contrast, aDNA sequence
data generated from human samples –with levels of
endogenous DNA comparable to those of the Atlantic
cod samples used here– do not have inflated pro-
portions of AC or AG repeats (Supplementary Figure
3). While a portion of libraries from the Rasmussen
et al. 2010 study contain more AC and AG repeats
than the human reference genome and one outlier
for AC repeats can be observed, these values are in a
range that does not meaningfully affects the efficiency
of sequencing.

Using 18 instead of 12 PCR cycles consistently
increases the number of AC and AG repeats in Cana-
dian Atlantic cod aDNA sequencing data, despite
using the same ligated extract for each amplification
condition (Figure 2). This increase in repeats coincides
with a substantial lowered number of reads considered
endogenous (i.e. those that can be reliably aligned to
the Atlantic cod genome with MapQ values of over
25, Supplementary Table 2). For the libraries that
were amplified for 18 cycles, an overestimation of frag-
ment length and multimodal distribution of Bioanaly-
zer plots is indicative for the presence of
heteroduplex constructs (see Supplementary Figure 4
for a typical example). The presence of these con-
structs is suggestive of reaching the PCR plateau
phase and the depletion of Illumina compatible
sequencing primers during amplification.

The addition of AC or AG single stranded repetitive
oligonucleotides during amplification influences the
proportion of dinucleotides in Atlantic cod aDNA
sequencing data (Figure 3). Counterintuitively, adding
AC or AG repeats suppresses the respective proportion
of these repeats in the sequencing data. Moreover, the

addition of AC or AG oligonucleotides respectively
generates a different response regarding the pro-
portion of endogenous reads and of the type of
repeats that were not manipulated. When adding AC
oligonucleotides, the reduction in AC repeats
coincides with a relative increase in AG repeats
(Figure 3a). This effect is absent when adding AG oligo-
nucleotides (Figure 3b). It is unclear why this difference
occurs, yet this relative increase in AG repeats –when
adding AC oligonucleotides– likely negates any
increase in the proportion of endogenous reads. In
contrast, the proportion of endogenous reads does
increase when adding AG oligonucleotides. Unfortu-
nately, not enough DNA extract remains from the
same specimens to perform an experiment whereby
both repeats are added simultaneously, but we
expect that both types would be suppressed, leading
to even higher proportions of endogenous DNA.

An interaction between different polymerase-
buffer systems and extended PCR cycling influences
the proportion of dinucleotide repeats in the fragmen-
ted contemporary human data from Dabney and
Meyer (2012) (Figure 4). Interestingly, Phusion poly-
merase-buffer systems show a minor but consistent
bias, with AC repeats more and AG repeats less abun-
dant with an increase in PCR cycle number. The
reason for this divergent proliferation in AC and AG
content during amplification cannot directly be
explained by any known GC biases, because the GC
content of both types of repeat is identical. Neverthe-
less, this divergent proliferation per repeat type does
suggest that this polymerase bias is different from
the one observed in the Atlantic cod data.

Discussion and conclusion
Here we report that the genome of Atlantic cod con-
tains an unusually high abundance of AC and AG dinu-
cleotide repeats and that sequencing data from
historic samples are consistently biased towards
these repeats in this species. This high level of
repeats in these aDNA data occurs despite an apparent
bias against such dinucleotide content in contempor-
ary Illumina Hiseq sequencing reads. The reason for
this bias in contemporary sequencing data remains
unclear, although similar underrepresentation of dinu-
cleotide repeats can also be observed in sequencing
data from other vertebrates.

The high abundance of dinucleotide repeats in the
sequencing data from historic samples of Atlantic cod
appears to be introduced during the PCR amplification
step of the library creation protocol. For instance, it is
clear that an increased number of PCR cycles leads
to a substantially higher repeat content in aDNA
sequence data for a given ligated extract. Furthermore,
the proportion of AC and AG repeats can be reduced
through the addition of each respective oligonucleo-
tide during library amplification. Thus, single stranded
AC and AG oligonucleotides interact with the
endogenous repetitive DNA present in the ligated
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library. Based on the above observations, amplification
rather than preferential preservation or ligation appear
to be the main process responsible for the observed
high abundance. While we find some evidence for
polymerase-specific dinucleotide repeat bias in the
fragmented human data from Dabney and Meyer
(2012), these patterns do not fit those we see in the
Atlantic cod data. Instead, we propose two hypoth-
eses, a fragmentation-length bias hypothesis and a
self-priming hypothesis that may lead to a proliferation
of repeats during library amplification.

Fragmentation-length bias
It is possible that AC and AG dinucleotide repeats in
Atlantic cod DNA are particularly prone to fragmenta-
tion during post mortem degradation relative to non-
repetitive DNA, for instance by differential nucleosome
packaging (Pedersen et al. 2014). This would lead
to a DNA fragment composition whereby shorter

fragments are more likely to consist of repetitive
DNA for a given sequence context. Since some poly-
merases preferentially amplify shorter length frag-
ments (Dabney and Meyer 2012), the amplification of
a pool of DNA in which shorter fragments are associ-
ated with repeats could lead to an increase in repeti-
tive DNA with increasing PCR cycles. While the
observed association of shorter fragments with more
repetitive DNA (Supplementary Figure 2) indeed
agrees with such a mode of proliferation (but see
also below), some consideration may question the effi-
ciency of this process. We used polymerases (PfuTurbo
Cx Hotstart and Herculase II Fusion) that should be
among the least affected by amplification length bias
for the rather moderate number of PCR cycles used
here (Dabney and Meyer 2012). The observed repeat
abundance appears therefore somewhat extreme to be
solely due to fragment length bias during amplification.

Self-priming
Given the high endogenous AC and AG content in the
Atlantic cod genome, we suggest that repeats may
proliferate through a mechanism whereby repetitive
DNA anneals to itself, i.e. self-priming. Self-priming
explains typical PCR fragmentation patterns observed
when using transcript-activator like effector (TALe)
technology (Hommelsheim et al. 2014), which high-
lights the propensity of repetitive DNA to self-prime
in a variety of protocols and conditions. The high
repeat content in the Atlantic cod genome would
lead to an ample supply of short repetitive fragments
with high affinity for themselves after degradation.
Self-priming could proceed according to the following
model: First, single-stranded dinucleotide DNA anneals
simultaneously with an amplification primer (Figure
5a). Elongation can proceed from the repetitive frag-
ment and the primer. This will lead to one or two frag-
ments, because the annealed repetitive region blocks
elongation from the primer, given that the first poly-
merase used in these experiments (PfuTurbo Cx Hot-
start) does not have strand-displacement capabilities.
Since two fragments may be generated in a single
cycle, this type of amplification would be particularly
competitive relative to a normal amplification reaction,
which only generates one fragment per annealed
primer. In the presence of repetitive DNA and sequen-
cing primers, these fragments can be amplified,
leading to a population of repeat-associated primers
with a specific affinity for repetitive DNA (Figure 5b).
Finally, repetitive fragments associated with the Illu-
mina P5 or P7 sequencing primer either hybridize
with each other, or directly bind to fragments with
the P5 and P7 primer pair, leading to constructs that
can be sequenced (Figure 5c). The potential for these
processes to occur will increase with the number of
PCR cycles, through a continuous accumulation of
repeat-associated primer pairs and depletion of the
Illumina sequencing primers.

We expect that self-priming can also lead to associ-
ation of shorter fragments with more repetitive DNA.

Figure 1 Dinucleotide repeat content in vertebrate
assemblies and Atlantic cod sequencing data. (a)
The amount of AC and AG dinucleotide repeats was
obtained using Tandem Repeat Finder (TRF, version
407b) in 65 vertebrate genome assemblies (Ensembl,
release 76), including salmon and rainbow trout.
Estimates were divided by total assembly size,
excluding undetermined bases. Assemblies with
more extreme repeat content are indicated (see
Supplementary Table 2 for a detailed species list).
(b) Dinucleotide repeat estimates in Atlantic cod
sequencing data from contemporary (red), historic
Norwegian (grey) and historic Canadian (black)
samples. Each dot represents a single library,
generated from a different individual. The repeat
content in the Atlantic cod assembly (red, star) is
indicated for comparison. The average fragment
length (bp) is shown for the historic Norwegian and
Canadian samples. Notice the different scales on the
x- and y- axes for each panel.
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First, the length of dinucleotide stretches in vertebrate
genomes decays exponentially and higher fragmenta-
tion would lead to more fragments that consist entirely
of repeats, which are likely to be more prone to self-
priming than more complex, longer fragments. More-
over, shorter DNA fragments denature earlier for a
given temperature to form single-stranded DNA
(ssDNA, Pääbo et al. 2004). Since the ligation protocol
targets dsDNA, any ssDNA present in the extract
remains unligated in solution, providing a more abun-
dant pool of shorter, rather than longer fragments
available for self-priming. Hybridization of such

shorter, repetitive fragments associated with the Illu-
mina P5 or P7 sequencing primers would lead to
lower average fragment length and its association
with repetitive DNA.

While the fragment-length bias hypothesis may be
less likely due to the choice of polymerases used here,
we cannot exclude this process from contributing to
the observed repeat proliferation altogether. An
initial lower average fragment length before amplifica-
tion may promote both types of repeat proliferation,
and agrees with the higher repeat abundance
observed in the Canadian samples. Regardless of the
proliferation mechanism, given that AC and AG dinu-
cleotide repeats are endogenously abundant in Atlan-
tic cod DNA, their biased amplification will be difficult
to prevent completely. Nevertheless, our results show
that the abundance of repeats can be somewhat
negated by using as little PCR cycles as possible. We
would further recommend using polymerases with
low length-bias during amplification. Finally, through
the addition of repeat-specific oligonucleotides, the
amount of dinucleotide repeats can be reduced,
potentially increasing the proportion of non-repetitive
endogenous DNA. These oligonucleotides are inex-
pensive and any gain in sequencing efficiency is
rapidly economical.

Are other species affected?
Our finding represents an unexpected type of bias that
is generated during library preparation of Atlantic cod
aDNA samples. It is unclear however, to what extent
other species are affected by this bias. In case of dinu-
cleotide repeat proliferation, Atlantic cod has an
unusual genomic composition, hence it is unlikely
that other species have similar issues with regard to
these types of repeats. Furthermore, we note that
the samples used here are relatively recent, and –
even though degradation processes have resulted in
a DNA fragmentation comparable to substantially
older samples (e.g. Rasmussen et al. 2010)– these

Figure 2 Effect of amplification conditions on repeat
proliferation and endogenous DNA content. The
proportion of AC (yellow), AG (blue) dinucleotide
repeats was obtained using TRF. Reads aligning
with a MapQ value of 25 or higher toward the
Atlantic cod assembly are considered endogenous
(black). A total of six ligated extracts from Canadian
specimens were amplified either 12 or 18 PCR
cycles, yielding 12 separate sequencing libraries
(see text for details). Lines connect libraries that
were created using the same extract. Notice the
different scale on the y-axes for each panel. For
libraries amplified using 18 cycles, an
overestimation of fragment length and a multimodal
distribution of BioAnalyzer plots indicated the
presence of heteroduplexes, which is suggestive of
reaching the plateau phase of PCR during library
amplification.

Figure 3 Effect of manufactured dinucleotides on repeat proliferation and endogenous DNA content. The
proportion of AC (yellow) and AG (blue) dinucleotide repeats (both using left y-axis for scale) was obtained
using TRF. Reads aligning with a MapQ value of 25 or higher toward the Atlantic cod assembly are considered
endogenous (black, right y-axis). A total of 6 libraries were generated from two Canadian specimens (three
ligated DNA extracts per specimen). Per individual, one extract was amplified using the standard protocol (C,
data used in both panels), one extract was amplified including an AC repeat oligonucleotide of 30 base pair
(AC15+) and one extract was amplified including an AG repeat oligonucleotide (AG15+, see text for details).
Lines connect libraries created from the same specimen.
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samples nonetheless contain large proportions of
endogenous Atlantic cod DNA. These high levels of
endogenous DNA in combination with its abundance
of simple repeats create particularly favorable con-
ditions for self-priming.

So far, most studies investigating aDNA shotgun
data in vertebrates focus on human or horse, at least
those that make their raw sequence data publicly avail-
able. These species typically have an order of magni-
tude lower AC and AG content compared to Atlantic
cod and consequently have little potential for either
fragment-length bias or self-priming of these repeats.
It is therefore not surprising that we find little evidence
for a proliferation of dinucleotide repeats in human
aDNA data (Rasmussen et al. 2010, Rasmussen et al.
2011, Gamba et al. 2014). Nevertheless, there is a
research effort focusing on dog aDNA samples,
although so far only mitochondrial DNA has been
used (e.g. Thalmann et al. 2013, Witt et al. 2014).
Given that the dog genome contains a relatively high
proportion of AG repeats, it will be interesting to see
whether the same bias can be observed in aDNA
shotgun libraries generated from ancient dog
samples with high endogenous DNA content.

It is uncertain whether other types of repetitive
DNA, such as Short Interspersed Elements (SINEs) or
Long Interspersed Elements (LINEs) have the propen-
sity to be amplified due to fragment-length bias or
self-priming, given a high enough representation in a

genome. Interestingly, human aDNA sequence data
is enriched for SINEs relative to LINEs, and SINES are
the more simple and most abundant type of repeat
in the human genome. SINEs are also GC-rich
however, and it has been hypothesized that aDNA
data is biased towards such regions, either due to a
denaturation of AT rich regions during library prep-
aration (Green et al. 2008, Briggs et al. 2009, Meyer
and Kircher 2010) or due to polymerase bias during
amplification (Aird et al. 2011, Dabney and Meyer
2012). We note that the processes underlying amplifi-
cation bias discussed here could also contribute
towards such GC enrichment if fragments containing
SINE sequences proliferate, and that these processes
(fragment-length bias, self-priming, temperature
dependent denaturation or polymerase bias) may act
in concert.

Moreover, it can be difficult to detect the effects
of biased amplification of more complex repeat
regions if only a sole sequencing library –generated
using a single amplification scheme– is analyzed and
this phenomenon is not specifically investigated.
First, the fragment-length bias and self-priming
hypotheses proposed here do not necessarily lead
to an increase in clonal reads, hence may be
missed by altogether by algorithms detecting
levels of clonality. Second, the sequence complexity
of repetitive DNA rapidly inflates with an increase in
the length of their periodicity, which reduces the

Figure 4 Dinucleotide repeat (AC and AG) bias in contemporary human sequencing data. (a) AC and AG repeat
content after amplification with ten different polymerase-buffer systems compared to the content of the original,
unamplified library (dashed red line). The number on the x-axis shows the number of PCR cycles. We only used
sequencing data with a minimum of 100,000 reads per combination of polymerase type and cycle number. (b) A
higher resolution of the AC and AG content of a sequencing library amplified with Herculase II Fusion (grey) and
Phusion HF (purple) compared to the original, unamplified library (dashed red line). PCR reactions were
performed at 2-cycle intervals from 20 to 40 cycles. The data in panel (a) and (b) were previously analyzed for
GC and length bias in Dabney and Meyer (2012). Notice the different scale on the y-axes for each panel.
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propensity of DNA to anneal to complementary
regions during PCR. Self-priming may therefore not
be particularly efficient for more complex repeats,
resulting in a less discernable pattern than observed
here in Atlantic cod. Given that the proposed models
are amplification driven however, their effects can
be quantified using different amplification con-
ditions for the same ligation reaction and by sub-
sequently assessing variation in repeat content.
Such experiment would be of importance for
reported enrichments of repeats in aDNA WGS
data, like that of the endogenously abundant

Gypsy retrotransposon in cotton (Palmer et al.
2012, Shapiro and Hofreiter 2014), confirming the
evolutionary significance of such observations.

Microsatellite evolution and population
genetic inference
Finally, the observed high endogenous AC and AG
content in the Atlantic cod genome may have impli-
cations for our understanding of microsatellite evol-
ution and their use in genetic studies. For instance,
comparative knowledge of microsatellite distribution
is essential to develop an understanding of their evol-
utionary properties (Bhargava and Fuentes 2010) and
their unusual abundance in Atlantic cod is a clear indi-
cation that these properties are not fully understood
for all taxa. One well-documented property however,
is that microsatellites of longer length experience
increased mutation rates leading to high allelic vari-
ation (Wierdl, Dominska, and Petes 1997, Kruglyak
et al. 1998, Whittaker et al. 2003, Ellegren 2004). Inter-
estingly, the high level of allelic variation that is typical
of marine fish populations was suggested to reflect
their relatively large (historic) population sizes rather
than intrinsic mutation rates (DeWoody and Avise
2000). We highlight the possibility that, given the dis-
tinct microsatellite properties in fish (Neff and Gross
2001), and Atlantic cod specifically (Jiang et al. 2014,
this study), mutation models suitable for other ver-
tebrates may not apply (Buschiazzo and Gemmell
2006, Grover and Sharma 2011), affecting population
genetic inference for these taxa (Jakobsson, Edge,
and Rosenberg 2013, Putman and Carbone 2014).

Overall, we observe that the genome of Atlantic
cod contains an unusual level of simple AC and AG
dinucleotide repeats and that the abundance of
these repeats is highly inflated WGS data generated
from historical samples for this species. Our results
indicate that it is amplification rather than preferential
preservation or ligation that is responsible for the
observed high abundance that leads to artificially
high levels of AC and AG repeats. While the extent of
similar repeat proliferation bias in other studies is
unclear, we nonetheless urge caution when quantify-
ing repeat content in aDNA WGS data, given that it
may be challenging to detect the effects of repeat
amplification if such processes affects more complex
repeat structures than dinucleotide repeats.
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Figure 5 Hypothetical mechanism of self-priming of
dinucleotide repeats during the amplification of
whole genome sequencing libraries. (a) Single
stranded repetitive DNA (red) anneals
simultaneously with the library specific amplification
primer (grey). Elongation from the primer is blocked
by repetitive DNA, which is downstream annealed,
leading to the formation of two fragments. (b)
Annealing and elongation from amplification primer
or repetitive DNA generates a population of repeat-
associated primers with specific affinity for repetitive
DNA. (c) Annealing and hybridization of
complementary repetitive regions generates
fragments with P5 and P7 primer pairs suitable for
sequencing. Alternatively, repeat-associated primers
with affinity for repetitive regions specifically amplify
those regions. The size of primer and repeat regions
is not shown to scale.
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