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Abstract

Inexpensive short-read sequencing technologies applied to reduced representation

genomes is revolutionizing genetic research, especially population genetics analysis, by

allowing the genotyping of massive numbers of single-nucleotide polymorphisms (SNP)

for large numbers of individuals and populations. Restriction site–associated DNA

(RAD) sequencing is a recent technique based on the characterization of genomic regions

flanking restriction sites. One of its potential drawbacks is the presence of polymor-

phism within the restriction site, which makes it impossible to observe the associated

SNP allele (i.e. allele dropout, ADO). To investigate the effect of ADO on genetic varia-

tion estimated from RADmarkers, we first mathematically derived measures of the effect

of ADO on allele frequencies as a function of different parameters within a single popu-

lation. We then used RAD data sets simulated using a coalescence model to investigate

the magnitude of biases induced by ADO on the estimation of expected heterozygosity

and FST under a simple demographic model of divergence between two populations. We

found that ADO tends to overestimate genetic variation both within and between popu-

lations. Assuming a mutation rate per nucleotide between 10−9 and 10−8, this bias

remained low for most studied combinations of divergence time and effective population

size, except for large effective population sizes. Averaging FST values over multiple

SNPs, for example, by sliding window analysis, did not correct ADO biases. We briefly

discuss possible solutions to filter the most problematic cases of ADO using read cover-

age to detect markers with a large excess of null alleles.
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Introduction

The advent of next-generation sequencing (NGS) tech-

nologies is dramatically changing our understanding of

genetic variation in a growing number of species (e.g.

Davey et al. 2012). Yet, whole genome individual (re)

sequencing is still limited to a relatively small number

of species for which a complete genome assembly is

available and remains prohibitive for the large numbers

of individuals needed in most population genetics stud-

ies. A potential answer to this challenge is in alternative

approaches relying on whole genome sequencing of

pools of individual DNAs (Futschik & Schlötterer 2010)

or sequencing of reduced representation genomic

libraries (RRL, Van Tassell et al. 2008; Luca et al. 2011).

These approaches have recently proved powerful to

survey a large number of markers on a genome-wide

scale, with considerably lower library construction and

sequencing efforts. Deep sequencing of restriction site

associated DNA (RAD-seq) borrows from the RRL

strategy (Baird et al. 2008). The technique is increasingly

popular, especially in nonmodel species (Davey & Blaxter

2011; Davey et al. 2012), with successful applications
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across a wide range of organisms and questions ranging

from genetic map construction and mapping of genes

underlying traits of interest (Baird et al. 2008; Baxter

et al. 2011) to population genomics (Hohenlohe et al.

2010) and phylogeography (Emerson et al. 2010). More

recently, the application of RAD-seq beyond the context

of short evolutionary timescale typical of population

genomics studies (i.e. phylogenetic studies) has also been

investigated (McCormack et al. 2012; Rubin et al. 2012).

Any molecular approach relying on whole DNA

digestion with restriction enzyme(s) to reduce genomic

representation might lead to potential biases in the esti-

mation of genetic variability because some copies of

DNA fragments might be associated with the absence

of a restriction site (i.e. a null allele due to one or sev-

eral mutations in the recognition sequence of the restric-

tion enzyme). For example, in an RAD-seq analysis

based on barcoded individuals (i.e. individual-based

approach), any individual heterozygous at a single

nucleotide polymorphism (SNP) associated with a null

allele will appear as a homozygote for the SNP allele

associated with the successfully digested fragment. Sim-

ilarly, when developing RAD-seq using barcoded pools

of individuals (i.e. pool-based approach), the SNP cop-

ies associated with the null allele will simply not be

sequenced. Thus, both strategies are expected to lead to

potential biases in the estimation of allele frequencies at

RAD markers affected by null alleles. Following Luca

et al. (2011), we will hereafter refer to the experimental

silencing of marker alleles within unsequenced DNA

fragments associated with a null allele at the restriction

site as ADO. Luca et al. (2011) provided the first empiri-

cal evidence of the magnitude and effect of ADO in a

human population genomics study based on sequences

obtained from RRL. When comparing SNP calling from

the resulting raw sequencing data of each individual

with the ones obtained for the same individuals using

an SNP genotyping chip assay, they observed up to

9.4% of heterozygous miscalled as homozygous. Simi-

larly, nucleotide diversity computed from the raw data

was underestimated by about 3%.

Allele dropout at RAD loci is expected to bias the

estimation of allele frequencies and hence statistics

traditionally used to summarize variation within popula-

tion, such as expected heterozygosity He (Nei 1977), and

between populations, such as FST (Weir & Hill 2002).

However, the magnitude of this bias remains unknown.

Because NGS approaches relying on the sequencing of

pools of individual DNA have recently been proved

powerful to survey a large number of markers on a gen-

ome-wide scale at a low cost, we focused the present

study on ADO at RAD loci on an experimental design

based on pools of individuals. We also addressed the

more traditional individual-based approach, but to a les-

ser extent. First, we analytically derived key measures of

the effect of ADO on allele frequencies as a function of

different parameters within a single population. We then

used RAD data sets simulated using a coalescence model

to investigate the magnitude of biases induced by ADO

on the estimation of expected heterozygosity and FST
under a simple demographic model of divergence

between two populations.

Methods

Definitions and notations

We considered an RAD locus as generated by the stan-

dard protocol of Baird et al. (2008): such a RAD locus

includes a sequence of L bp long associated with a sin-

gle restriction site of length S bp. The case of RAD loci

generated by the (very) recent protocol of Peterson et al.

(2012), based on the DNA digestion by two restriction

enzymes, was not tackled in the present study.

The restriction site has two allelic states: R for the

functional restriction site and r for the mutated version

(null allele). Note that, excluding indel mutations in the

restriction site, there are 4S-1 possible different variants

of the null allele. In typical RAD-seq analyses, S = 6

(e.g. using the restriction enzyme PstI) or 8 (e.g. using

SbfI) and L might vary from 2 9 36 bp (upstream and

downstream RAD sequences derived from single-end

36 bp Illumina sequencing) up to around 2 9 500 bp

(using 100 bp paired-end reads with a mean paired-end

contig length of ~400 bp) (Davey et al. 2012). In an indi-

vidual-based study, four patterns are possible depend-

ing on the sequence of the two DNA fragments carried

by a diploid individual (Fig. 1B). If the individual is

homozygous for the functional restriction site allele

(patterns 1 and 2), there is no ADO. If the individual

carries the functional and mutated copies of the restric-

tion site (patterns 3 and 4), ADO only arises if it is also

heterozygous for the SNP allele (pattern 4). Similarly, in

a pool-based experiment (i.e. using a pool of DNA from

multiple individuals as experimental unit), ADO arises

when the two alleles at the restriction site (functional

and mutated) and the two SNP alleles are segregating

in the sample (Fig. 1C).

Probability of segregation patterns

Let us consider a panmictic population at equilibrium

with a constant effective population size Ne and an infi-

nite-site neutral mutation model (Kimura & Ohta 1969).

We denote the mutation rate per nucleotide scaled

by the effective population size, h = 4Nel (with l the

nucleotide mutation rate). For simplicity, we hereafter

disregard recombination within the (short) DNA
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sequence of size S + L bp (<1000 bp). In addition, we

implicitly assume that no additional restriction site

evolves through mutation within the RAD locus.

Assuming homogeneity of nucleotide composition

across the genome and equal proportion of each nucleo-

tide (50% GC), the distance dr between two consecutive

restriction sites in the genome follows an exponential

distribution with parameter k ¼ 1
4S

leading to P

(dr < L) = 1�e�Lk. Under the range of parameters inves-

tigated here, the probability of having an additional

restriction site (discarding the corresponding DNA frag-

ment) within the associated DNA fragment varies from

0.001 (S = 8 and L = 70) to 0.071 (S = 6 and L = 300).

Such low probability values are unlikely to challenge

our conclusions.

Under the above assumptions, we could obtain ana-

lytical derivations of the probabilities for the four RAD

loci segregation patterns described in Fig. 1B,C. The

details of such derivations as well as the final formulae

are given in the Appendix S1 (Supporting Information).

These four different probabilities were numerically

computed using an in-house R (R Development Core

Team 2011) function (available upon request from MG).

Biases due to ADO on the estimation of SNP allele
frequency within population

Following the above notations and focusing on the

segregation pattern 4 of Fig. 1, let fR > 0 (respectively

fr = 1�fR) represent the population allele frequency of a

given functional (respectively null) restriction site. Simi-

larly, let fA > 0 (respectively fa = 1�fA) represent the

frequency of allele A (respectively a) at an SNP in the

associated DNA sequence. Four haplotypes denoted

S bp long 

Associated DNA fragment carrying the SNP allele A Functional restriction site (allele R)

Mutated restriction site (allele r)

(A)

(B)

(C)

Notations

Associated DNA fragment carrying the SNP allele a 

L/2 bp long 

Pool-based analysis (based on a pool of DNA sequences from multiple individuals) 
All fragments carry R and no SNP(1) All fragments carry R and SNP segregating(2)

r segregating but no SNP(3) r segregating and SNP segregating(4)

Individual-based analysis (based on diploid individual DNA sequences)        

Individual is RR and AA (or aa) and called AA (or aa)(1) Individual is RR and Aa and called Aa(2)

Individual is Rr and AA (or aa) and called AA (or aa)(3) Individual is Rr and Aa (or aA) but called AA (or aa)(4)
or

Fig. 1 Allele dropout (ADO) in individual-based and pool-based restriction site associated DNA (RAD) analyses in relation to the

segregation patterns between the restriction site and the associated DNA fragment. (A) The two alleles of the S-bp-long functional

(respectively mutated) restriction site are represented by an orange (respectively dashed) rectangle. Only one of the two L/2 bp

sequences associated with the restriction site are further represented focusing on the SNP allele (A or a) they carry. (B) The four

possible segregation patterns in an individual-based analysis according to the two DNA copies carried by a diploid individual. ADO

arises in the pattern 4 when the individual is heterozygous at both the restriction site (Rr) and the SNP (Aa). Note that we did not

represent the case in which the individual carries two mutated copies of the restriction sites (rr; in this case the RAD locus is not

observed whatever the SNP genotype). (C) The four possible segregation patterns in a pool-based analysis according to the DNA

copies in the sample. ADO arises when the two alleles at the restriction site (functional and mutated), and both SNP alleles are segre-

gating in the sample. In the same spirit than (B), we did not represent the case where all DNA fragments of a pool carried a mutated

allelic form r of the restriction site (in this case, the RAD locus is not observed in the DNA pool).
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RA, Ra, rA and ra are possibly segregating in the popu-

lation. By definition, only DNA fragments associated

with a functional restriction site (R allele) are read in

RAD-sequencing analysis. Let aA (respectively aa) repre-
sent the relative population frequency of allele A associ-

ated with an allele R background in the whole

population:

aA ¼ fRA
fR

¼ fA � frA
1� fr

(where fRA and frA are the population frequencies of the

RA and rA haplotypes, respectively). It follows that:

max 0;
fA � fr
1� fr

� �
� aA � max 1;

fA
1� fr

� �

and the r2 measure (Hill & Robertson 1968) of linkage

disequilibrium (LD) between the polymorphic restric-

tion site and the SNP is equal to

r2RA ¼ ðaAfR � fAfRÞ
fAfRfafr

2

¼ fR
ðaA � fAÞ
fAfafr

2

:

As expected, when r2RA ¼ 0 (fRA = fRfA) then aA = fA.

When r2RA [ 0, aA > fA if A and R are more frequently

in coupling phase (i.e. fRA > fRfA). Conversely, aA < fA if

A and R are more frequently in opposite phase

(i.e. fRA < fRfA).

In an individual-based analysis involving the (inde-

pendent) sequencing of n diploid individuals, the

observed allele frequency is equal to

d
f
ðdÞ
A ¼ 2nAA þ nAa

2ðnAA þ nAa þ naaÞ
where nAA, naa, and nAa represent the observed number

of individuals called as homozygous for allele A

(i.e. genotypes [RA/RA], [RA/rA] or [RA/ra]), for allele

a (i.e. genotypes [Ra/Ra], [Ra/rA] or [Ra/ra]) and

heterozygous (genotype [RA/Ra]), respectively. Note that

nAA + nAa + naa � n since individuals carrying two null

copies of the restriction site (i.e. with a genotype [r/r])

will not be observed. In a pool-based analysis involving

a DNA pool sample of haploid size 2n (or a pool of n

diploid individuals), the observed allele frequency is

equal to

d
f
ðpÞ
A ¼ nRA

nRA þ nRa

where nRA and nRa represent the observed count of A

and a alleles in the pool. As noted previously,

nRA + nRa � n due to ADO.

Assuming the studied population is in Hardy–Wein-

berg equilibrium, it is possible to show (see Appen-

dix S2, Supporting Information) that the expectations

and variances of the observed allele frequency estima-

tors defined above are as follows:

E
d
f
ðdÞ
A

� �
¼ E

d
f
ðpÞ
A

� �
¼ aA;

V
d
f
ðdÞ
A

� �
’ 1

2ndfR
aAð1� aAÞ 4� 3fR

ð2� fRÞ2

V
d
f
ðpÞ
A

� �
’ 1

ncfR
aAð1� aAÞ

ADO in two diverging populations

We simulated DNA sequence data using the coalescent-

based algorithms implemented in routines of the soft-

ware DIYABC V1 (Cornuet et al. 2010). We considered a

simple demographic scenario in which two populations

diverged tS generations ago from an ancestral one, with

no migration after divergence and all populations hav-

ing the same effective population size Ne (in number of

diploid individuals). Different combinations of ts and

Ne values were considered in order to cover a large

range of divergence times and effective population sizes

typical of within-species (i.e. population genetics) sur-

veys (Table 1). However, we also ran a few additional

simulations with larger ts values to illustrate the effect

of ADO in the context of larger evolutionary times typi-

cal of phylogenetic studies. Each population sample of

simulated DNA sequence data consisted of 40 copies of

a non-recombining sequence fragment of length

S + L bp (usually S = 6 bp and L = 300 bp) combined

into 20 diploid individuals per population (assuming

Hardy–Weinberg equilibrium). The mutation rate per

nucleotide (l) was sampled from a uniform distribution

[10�9–10�8], and we assumed a Kimura two-parameters

(K2P) model of DNA evolution (Kimura 1980) with a

fraction of constant sites (those that do not mutate)

fixed to 10% and the shape parameter of the Gamma

distribution of mutations among sites equal to 2. Note

that this mutation model implicitly assumes equal pro-

portions of bases and homogeneity of nucleotide com-

position across the genome. We verified our simulation

program by estimating from simulated data sets the

proportions of the four segregation patterns displayed

in Fig. 1 and by comparing these estimations with ana-

lytical expectations; a good agreement was found

between the two measures (results not shown). The

simulation program we used (executable file including

a short tutorial text file as well as source files) is avail-

able under request from AE.

For each combination of ts and Ne values, we simu-

lated 10 or 20 millions of (independent) DNA samples

© 2012 John Wiley & Sons Ltd
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(200 millions for an 8-bp restriction enzyme such as SbfI).

To mimic RAD sequence data, only those population

samples in which at least one functional copy of the

6-bp restriction site (e.g. PstI at the first S = 6 bp) was

observed in at least one of the two populations were

recorded for post-processing treatments.

Post-processing treatments of simulated data sets

For each recorded simulated data set, we used gawk

scripts and R in-house routines to search for one (or

several) SNP in the sequence of length L. When an SNP

was present, its genetic variation was summarized

within population by computing the expected heterozy-

gosity (He; Nei 1977) for each population and between

populations by computing unbiased estimates of FST as

described by Weir & Cockerham (1984) (see also Weir

1996, eqn 5.2).

Because we knew which of the sampled copies of the

restriction site were mutated in our recorded popula-

tion data sets, we could estimate He and FST in two

different ways: (i) by keeping the sequence copies

associated with a mutated restriction site and thus with-

out taking into account ADO (hereafter named ‘true’ He

and FST values) and (ii) by taking into account ADO

(hereafter named ‘observed’ He and FST values) by

computing the statistics after discarding the sequences

associated with mutated restriction sites.

To summarize the effect of ADO on the estimation of

FST, we introduced a measure of false outlier proportion

at a threshold of x% (FOPx%). Briefly, let nT represent the

number of SNPs with both a true and an observed FST
above the threshold t defined by the x% quantile of the

true FST distribution. Similarly, let nF represent the num-

ber of SNPs with an observed FST above this same thresh-

old t but a true FST below t. Then we defined the FOPx%

as FOPx% = nF/(nF + nT) by analogy to the false-positive

rate. Note that FOPx% varies from 0 (if nF = 0) to 1 (if

nT = 0). It is worth stressing that FOP was not computed

for expected heterozygosity due the discrete nature of

this statistics and its U-shape distribution, which make it

inappropriate to define a quantile as threshold.

To account for variation in the FOPx% estimator on

FST, we performed each time 50 000 bootstrap samples.

For each random sample, nRADloci (corresponding to the

observed number of RAD loci) are sampled with

replacement, and one SNP per RAD locus is further

randomly sampled. In the case of statistics combined

across several SNPs (e.g. FST average over nsnp SNPs),

the procedure was slightly modified. In the case where

RAD loci were independent, each random sample

consisted of 1000 nsnp-uplets SNPs. Each SNP of the

nsnp-uplet was randomly sampled within one RAD

locus sampled with replacement among the nRADloci

available ones. In the case where RAD loci were simu-

lated as completely linked (see below), a similar proce-

dure was used except that SNPs from the nsnp-uplet all

belong to the same 30 000-bp-long sequence, the 1000

sequences being randomly sampled with replacement

among the available ones.

The gawk scripts and R in-house routines we used for

the different post-processing treatments are available

under request from MG.

Results

ADO within population and effect on allele frequency
estimation

Figure 1 shows the four possible segregation patterns

between an S–bp-long restriction site and an L-bp-long

associated fragment that can be observed in a sample of n

DNA copies: (i) no variation at all; (ii) no variation within

the restriction site and polymorphism(s) in the DNA

Table 1 Summary of RAD loci simulations under a model of

two diverging populations

tS Ne S (bp) (a) (b) (c) (d)

103 103 6 0.243* 4.88 (1.03) 0.00 (0.08) 0.00

104 6 0.241 29.3 (1.30) 4.13 (0.41) 2.00

105 6 0.263 83.4 (4.02) 15.4 (1.71) 7.66

104 104 6 0.249* 36.3 (1.37) 2.41 (0.84) 1.02

8 0.015 36.8 (1.34) 2.80 (0.72) 1.48

105 104 6 0.240 51.9 (1.62) 3.63 (1.46) 1.57

105 6 0.272 87.8 (5.57) 22.3 (8.54) 10.4

8 0.017 84.6 (5.83) 29.7 (11.4) 14.4

106 104 6 0.261 81.6 (4.71) 19.0 (14.6) 1.52

107 104 6 0.303 68.9 (42.7) 48.6 (42.5) 0.47

We considered a scenario of two diverging populations (20

diploid individuals sampled in each population), assuming

various combinations of divergence time (ts) and effective

population size (Ne) values. Restriction sites of 6- or 8-bp (S (bp))

were also considered. The results corresponding to parameter

values used to illustrate the case of large evolutionary times

typical of phylogenetic studies are in italics.

(a) & of simulations retained (i.e. with at least one functional

restriction site in the population samples) computed over 107

or 2 9 107 (indicated by*) simulations.

(b) Percentage of RAD loci displaying sequence polymorphism.

The average number of SNPs per locus is given in parentheses.

(c) Percentage of SNPs lost due to ADO. The percentage of

RAD loci for which a mutated copy of the restriction site is

fixed and hence absent in one of the two population samples is

indicated in parentheses. In this case, the RAD locus is not

observed. Other case of SNP loss is due to the strict association

of one SNP variant with a mutated copy of the restriction site.

(d) Percentage of observed (i.e. not lost) SNPs still displaying

ADO.

RAD, restriction site associated DNA; ADO, allele dropout.
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fragment; (iii) no variation within the fragment but varia-

tion within the restriction site resulting in the segregation

of both null and functional copies of the site and (iv) vari-

ation in both the restriction site and the associated frag-

ment, which corresponds to the case where ADO is

present. Under our assumptions (see Methods), it was

possible to derive the proportion of each four segregation

patterns within a single population as a function of the

size of the restriction site (S; in number of bases), the

length of the associated DNA sequences (L), the (haploid)

sample size n and the scaled mutation rate h = 4Nel. A
successful RAD experiment generally requires a high

proportion of RAD loci displaying pattern 2 (i.e. informa-

tive RAD markers), with a low proportion of RAD loci

showing pattern 4 (i.e. null alleles).

Expected proportions of RAD loci showing patterns 2

(P2) and 4 (P4) are plotted in Fig. 2 as a function of h
for different values of S (S = 6 or S = 8 representing a

6- or an 8-bp cutter, respectively) and L (L = 70 or

L = 300) assuming n = 40 (Fig. 2A) and for different

values of n (n = 2, n = 10, n = 40, n = 100 or n = 200)

assuming S = 6 and L = 300 (Fig. 2B). The values con-

sidered for h ranged from 10�5 to 10�1, which includes

most realistic mutation–drift situations (e.g. assuming

l = 10�8 such h values correspond to Ne ranging from

250 to 2 500 000). As shown in Fig. 2A, for low values
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(A)

(B)

Fig. 2 Expected proportions within a single close population of RAD loci displaying the segregation patterns 2 and 4 described in

Fig. 1. Pattern 2: absence of variation within the restriction site and polymorphism(s) in the associated DNA sequence. Pattern 4:

presence of variation within both the restriction site and the associated sequence, leading to ADO. The proportions of patterns 2 and

4 are given under simple demographic assumptions (see the main text) as a function of the scale mutation restriction h = 4Nel for:

(A) different values of S (length of the restriction site in number of bp) and L (length of the associated DNA sequence in bp), assum-

ing n = 40 (haploid sample size), and for (B) different values of n assuming S = 6 and L = 300. ADO, allele dropout; RAD, restriction

site associated DNA.
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of h (h < 10�4 i.e. Ne < 2500 if l = 10�8), P4 is almost

null, and hence, no ADO is observed. However, only a

small fraction of RAD loci are useful (P2 < 0.03 with

L = 70 and P2 < 0.12 with L = 300), suggesting a

reduced efficiency of RAD sequencing for populations

of small effective size (at least in terms of marker pro-

ductions). Conversely, for h > 10�3 (i.e. Ne > 25 000 if

l = 10�8), the proportions of RAD loci showing ADO

start to sharply increase towards high values (P4 varied

from 0.26 to 0.45 when h = 10�2 and P4 > 0.99 for

h = 10�1). In other words, h must be large enough to

generate variability (typically h > 10�4) but not too large

(typically h < 10�2) so that variability mostly (if not

only) occurs within the DNA fragment associated with

the restriction site. Increasing L relatively to S appears

to be useful for most h values, for instance, when

h = 10�3 and S = 6, P2 = 0.25 (respectively P2 = 0.68)

and P4 = 0.01 (respectively P4 = 0.02) for L = 70 (respec-

tively L = 300). We found that, for a given L, decreasing

the size of the restriction site S (which results in prac-

tice in an exponential increase in the number of RAD

loci in the data set) had only marginal effects on the

proportions of P2 and P4 (Fig. 2A). Moreover, the

magnitude of this effect decreased with L. Finally, we

found that, above a haploid sample size of reasonable

size (n > 10), the sample size has marginal effect on the

proportions of P2 and P4 (Fig. 2B).

For allele frequency estimation, it is worth stressing

that RAD loci matching pattern 4 (i.e. with ADO) show

heterogeneous frequency of the functional copy of the

restriction site (note that a minimum of one copy of the

mutated version of the restriction site associated with a

variable DNA sequence is sufficient to match pattern 4).

We might expect that if the mutated restriction site is at

a low frequency, the effect on allele frequency estimates

would be negligible. As shown previously (see Meth-

ods), the expectations of the observed allele frequency

at the SNP is equal to the relative frequency of the

allele in the R background (where R denotes the func-

tional copy of the restriction site), and these expecta-

tions are the same for the individual and pool-based

approaches. Figure 3 illustrates how the resulting

expected bias in the estimation of allele frequency due

to ADO increases sharply with both the frequency of

the mutated copies of the restriction site (fr = 1�fR)

and the magnitude of LD (measured here with r2)

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

fr = 0.25

fA

α A
α A

α A

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

fr = 0.5

fA

fA

fr = 0.75

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

1.0
r2

Fig. 3 Relationship at a RAD locus

between the expected observed allele

frequency of one allele (termed A) at a

SNP in the presence of allele dropout

(ADO) and its true frequency (fA). ADO

occurs when mutated copies r of the

restriction site are segregating in the

population at frequency fr > 0. Envelopes

of possible values of the expected observed

allele frequency

E
d
f
ðdÞ
A

� �
¼ E

d
f
ðpÞ
A

� �
¼ aA

are displayed for fr = 0.25; fr = 0.5 and

fr = 0.75. Inside the envelope, regions are

coloured according to the level of linkage

disequilibrium (as measured by r2)

between the restriction and SNP sites.

RAD, restriction site associated DNA.

© 2012 John Wiley & Sons Ltd

RAD ALLELE DROPOUT 3171



between the restriction site polymorphism and the SNP

within the associated DNA fragment. It is worth noting

that relatively high values of r2 are expected between

the restriction and SNP sites since they are physically

closely located. Indeed, we note that

E r2
� � ’ 10þ q

22þ 13qþ q2

(Ohta & Kimura 1971; McVean 2002; see also Weir &

Hill 1986, who included an additional sample size term

in the equation), where q = 4Nec is the scaled recombi-

nation rate leading to E r2
� � ’ 0:45 when q � 1 (assum-

ing 1 cM is equivalent to 1 Mb, q < Ne 9 10�5 if the

SNP is <250 bp from the restriction site).

Although individual and pool-based analyses lead to

the same expected bias in the estimation of allele fre-

quency, the sampling variance of the estimator is

increased in individual-based experiments by a factor

k ¼ nh
2nd

3fr þ 1

ðfr þ 1Þ2

where nh is the haploid sample size in the pool-based

analysis, and nd is the number of diploid individuals

considered in the individual-based analysis (see Appen-

dix S2, Supporting Information). Interestingly, given nh
and nd, k only depends on the frequency of the null

copies of the restriction site (fr) and varies from

kmin ¼ nh
2nd

(when fr tends towards 0 or 1) to kmax ¼ 9nh
16nd

(when fr = 1/3). The extra sampling variance in an indi-

vidual-based analysis hence remains low (<12.5%) for

equivalent sample size (i.e. if nd = 2nh).

Effect of ADO on the estimation of genetic variation
within and between populations

We used a coalescence model to simulate RAD

sequences assuming a simple demographic scenario in

which two populations diverged tS generations ago

from an ancestral one, with no migration after diver-

gence and all populations having the same diploid

effective population size Ne. Different combinations of ts
and Ne values were considered in order to cover a large

range of divergence times and effective population sizes

typical of within-species surveys (i.e. population genet-

ics). However, we also explored a few additional

parameter values to illustrate the case of longer evolu-

tionary times typical of phylogenetic studies. Table 1

provides the parameter values considered together with

several descriptive statistics. Assuming equal propor-

tion and distribution of bases across the genome, the

probability that a single sequence in a population starts

with a given 6- or 8-bp cutter recognition site is

2.44 9 10�4 or 1.5 9 10�5, respectively. Increasing the

number of sampled copies of a given DNA sequence

(here 40 copies in each population sample) only margin-

ally affects this probability. The proportion of simula-

tions retained (i.e. displaying at least one functional

segregating site among the sampled sequence copies)

was therefore close to the expected values (column (a)

of Table 1) but tended to increase with long divergence

times between populations (e.g. 0.303% of retained

simulations for a 6-bp cutter for tS = 107 and Ne = 104).

Table 1 shows that the effective population size had a

stronger effect than the divergence time on most com-

puted descriptive statistics. As expected, the percentage

of RAD sequences showing polymorphism and the num-

ber of SNP per sequence strongly increased with Ne. The

proportion of SNPs with more than two alleles remained

negligible (at most 0.58% for Ne = tS = 105). The percent-

age of observed SNP affected by ADO was low for most

Ne values but reached non-negligible values (around

10%) for Ne = 105 (column (d) of Table 1). The divergence

time mostly impacted the proportion of retained

sequence simulations for which the restriction site was

absent from one of the two population samples due to

fixation of the null variant of the restriction site in one of

the two populations (in this case, the RAD locus cannot

be observed). These proportions were found to be low to

moderate, except for very long divergence times (e.g.

42.5% for tS = 107; column (a) of Table 1). It is worth not-

ing that for long divergence times, the percentage of the

observed (i.e. not associated with a null allele) SNPs

showing ADO was low (e.g. 0.47% and 1.52% for tS = 107

and 106, respectively; column (d) of Table 1). The size of

the restriction site (6 or 8 bp) had only minor effect on

the computed descriptive statistics (excluding the pro-

portions of retained simulations).

For each retained simulated data set, we further esti-

mated SNP-expected heterozygosities in one of the two

populations (He) and FST between the two populations.

Two estimations were derived for each data set: (i) by

keeping the sequence copies associated with a null

restriction site and thus without taking into account

ADO (hereafter named ‘true’ He and FST values) and

(ii) by taking into account ADO and discarding the

sequence copies associated with a null allele (hereafter

named ‘observed’ He and FST values). To evaluate to

which extent the effect of ADO on these statistics

depends on the frequency of mutated copies at the

restriction sites (fr), we considered different threshold on

fr to remove RAD markers. More specifically, we consid-

ered fmax
r values as threshold, which corresponds to the

maximum value of fr in the two populations (fr = fmax
r

values when considering SNP heterozygosities in one of

the two populations). Figure 4 illustrates the relationship

between true and observed values of He and FST in the

case where the differences between the two measures

were the strongest among the studied combinations of ts
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and Ne values (i.e. for Ne = tS = 105). The smaller differ-

ences observed for other combinations of ts and Ne values

are not shown in the figure, but quantitative estimations

of such differences were summarized by computing the

false outlier proportions (FOP95%) of FST due to ADO

(Table 2). A first interesting result that can be visualized

from Fig. 4A is that the observed heterozygosity tends to

be overestimated relative to the true values. This result,

which might seem surprising at first, can be explained by

the fact that mutations altering the restriction site (and

thus leading to ADO) tend to affect DNA sequences bear-

ing ancestral SNP allelic states that themselves tend to be

at high frequency within population. Therefore, ADO

tends to inflate the value of the minimum allele fre-

quency (MAF) at the SNP locus and thus He (Fig. S1,

Supporting Information).

Figure 4B shows that observed FST values tend to be

overestimated relative to true values (i.e. ADO tends to

increase genetic differentiation between populations). A

close examination of colour codes in Fig. 4B shows that

strong FST biases preferentially affect SNPs with high

frequency of mutated copies of the restriction site

(i.e. those with fmax
r > 0.5). However, Table 2 shows that

FOP95% remains low for most studied combinations of

ts and Ne values, except for large effective population

sizes (i.e. FOP95% > 10% for Ne = 105 whatever the

value of ts). Interestingly, even for large Ne values,

FOP95% substantially decreased when removing RAD

loci with a high frequency of the null restriction site

(FOP95% < 5% and 3% for fmax
r values � 0.75 and � 0.5,

respectively). We found that FOP values increased

when the FST threshold decreased (Table S1, Supporting

Information). This reflects the fact that a majority of

outlier SNPs are characterized by a strong FST bias due

to a high frequency of the null restriction site (i.e.

located in the upper part of the FST distribution tail, see

Fig. 4B for an illustration). Finally, in agreement with

analytical results on the possible segregation patterns

within populations (detailed in Fig. 1), we found that

FOPs were similar for all combinations of ts and Ne val-

ues when considering diploid individual DNA

sequences (i.e. individual-based analysis) instead of

pools of sequences from multiple individuals (pool-

based analysis; see Table S2, Supporting Information to

be compared with Table 2).

We found that averaging FST values over multiple

SNPs (e.g. sliding window analysis) did not reduce FOP

values (Table 3). In fact, FOP values increased with the

number of SNPs used to compute FST. This result is true

irrespectively of the level of genetic linkage among SNPs,

although the FOP increase we observed was lower for

completely linked than for independent SNPs. It is worth

noting that, in agreement with previous analytical

results, the distributions of FST averaged over multiple

SNPs are characterized by a variance which decreases

with the number of SNPs considered (Table S3, Support-

ing Information). Indeed, for nsnp SNPs, the two-popula-

tion FST estimates have a distribution close to a (scaled)

chi-square distribution with nsnp degree of freedom and

so have a variance proportional to 1/nsnp (Weir & Hill

2002). Moreover, because a majority of outlier SNPs is

characterized by a strong FST bias, these outliers have a

strong effect on the observed average FST values. Alto-

gether, these effects lead to an increase of FOP values

with the number of SNPs used to compute FST values.

The variance on average FST was found to decrease more

Table 2 FST false outlier proportions (FOP95% in%) in pool-based RAD analyses

tS Ne S (bp) fmax
r � 0.25 fmax

r � 0.5 fmax
r � 0.75 fmax

r � 1.00

103 103 6 0.0 [0.0–0.0] (237) 0.0 [0.0–0.0] (237) 0.0 [0.0–0.0] (237) 0.0 [0.0–0.0] (237)

104 6 0.0 [0.0–0.0] (706) 0.0 [0.0–7.7] (708) 0.0 [0.0–7.7] (708) 0.0 [0.0–7.70] (708)
105 6 1.8 [0.0–4.5] (2119) 2.7 [0.0–6.4] (2147) 4.6 [0.9–9.4] (2174) 10.7 [5.26–16.4] (2193)

104 104 6 0.0 [0.0–1.0] (1797) 0.0 [0.0–1.0] (1799) 0 [0.0–2.3] (1804) 1.10 [0.0–4.30] (1806)
8 0.0 [0.0–0.0] (1109) 0.0 [0.0–0.0] (1116) 0.0 [0.0–0.0] (1116) 0.0 [0.0–0.0] (1116)

105 104 6 0.0 [0.0–0.0] (1231) 0.0 [0.0–0.0] (1234) 0.0 [0.0–0.0] (1236) 0.0 [0.0–0.0] (1236)
105 6 0.0 [0.0–1.7] (2247) 0.9 [0.0–3.3] (2299) 4.5 [1.5–8.5] (2324) 10.1 [5.5–15.1] (2346)

8 0.7 [0.0–2.4] (2738) 1.4 [0.0–4.11] (2790) 3.3 [0.7–6.4] (2832) 13.0 [8.3–18.0] (2878)
106 104 6 0.0 [0.0–0.0] (2024) 0.0 [0.0–0.0] (2028) 0.0 [0.0–0.0] (2032) 0.0 [0.0–0.0] (2036)

107 104 6 0.0 [0.0–0.0] (1737) 0.0 [0.0–0.0] (1738) 0.0 [0.0–0.0] (1739) 0.0 [0.0–0.0] (1741)

We considered a scenario of two diverging populations (20 diploid individuals sampled in each population), assuming various

combinations of divergence time (ts) and effective population size (Ne) values. Restriction sites of 6- or 8-bp (S (bp)) were also considered.

The table reports median [q2.5%–q97.5%] of the FOP95% distribution obtained across 50 000 random samples for different cut-off values

on fmax
r (maximal frequency of the mutated restriction site in both populations). For each random sample, nRADloci RAD loci (corre-

sponding to the number given in parentheses) are sampled with replacement (bootstrap sample), and one SNP per locus is further

randomly sampled.

RAD, restriction site associated DNA.
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quickly with the number of SNPs when the level of link-

age decreases, hence the higher FOP increase observed

for independent than completely linked SNPs (Table 3

and Table S3, Supporting Information).

Discussion

Effect of ADO on genetic variation estimation

Analytical derivations confirmed intuitive expectations

that the frequency of ADO within population depends

on the mutation rate per nucleotide scaled by the effec-

tive population size (i.e. h = 4Nel). The parameter

h must be large enough so that there is polymorphism

in the population sample but not too large, to prevent the

occurrence of mutations within the restriction site. The

optimal design depends on the ratio between the length

of the restriction site and the length of DNA sequence

associated with the latter. For RAD loci characterized

by relatively long DNA sequences (e.g. 300 bp as in our

simulation study), this ratio is very similar for 6- and

8-bp cutters, which explains that we obtained relatively

similar results for both classes of restriction enzymes.

We found that ADO tends to overestimate genetic

variation both within and between populations, as mea-

sured by expected heterozygosity and FST, respectively.

The overestimation of expected heterozygosity relatively

to the true values is due to the fact that we only con-

sider (as in practice) observed SNPs (i.e. the sets of

RAD loci and SNPs that were not lost due to ADO).

When all the SNPs were considered (which would be

impossible to achieve in practice but can be done from
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ADO, allele dropout.
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our computed simulated data), ADO tended to underes-

timate expected heterozygosity (results not shown), in

agreement with the aforementioned results by Luca

et al. (2011) who reported a decrease in observed nucle-

otide diversity due to ADO.

Assuming a mutation rate per nucleotide between

10�9 and 10�8 and a simple population model of two

populations of effective size Ne diverging ts generations

ago, we found that the biases due to ADO remained low

for most studied combinations of ts and Ne values,

except for large effective population sizes (i.e. FST
FOP > 10% for Ne = 105, whatever the value of ts). It is

worth noting here the antagonistic effects of effective

population size on ADO. On the one hand, large Ne val-

ues favour the occurrence of mutations within the

restriction site and therefore increase the frequency of

RAD loci with ADO. On the other hand, large Ne values

increase the recombination rate within any DNA frag-

ment of a given size so that the SNPs bearing an allele

strongly associated with the mutated restriction site cop-

ies tend to be only those physically very close to the

restriction site (McVean 2002; Fig. 3). Interestingly, we

also found that, for all studied combinations of ts and Ne

values, FST FOP were similar when considering diploid

individual DNA sequences as experimental unit (i.e.

individual-based analysis) instead of pools of sequences

from multiple individuals (i.e. pool-based analysis).

Mitigating the effect of ADO

Our results indicate that for species characterized by

large effective population sizes, it might be necessary to

find means to reduce the effect of ADO at RAD loci.

Increasing sample size is unlikely to be a useful

approach as both analytical derivations and additional

simulations based on a larger sample size (100 instead

of 20 diploid individuals per population) indicated that

the number of sampled individuals only marginally

affected ADO occurrence and effect on genetic variation

(results not shown). Using a lower threshold for detect-

ing SNPs with outlier FST values does not represent an

operational solution either since we found that FOP val-

ues increase when the detection threshold decreases.

Finally, we found that averaging FST values over multi-

ple SNPs, as is generally implemented in sliding win-

dow analysis, did not reduce FOP and in fact leads to

an increase in FOP. Table 2 however shows that, even

for large Ne values, FOP values substantially decreased

when removing RAD loci with high frequency of

mutated restriction site (FOP95% < 5% and 3% for fmax
r

� 0.75 and � 0.5, respectively). This result strongly sug-

gests that a practical solution might consist in detecting

and removing the RAD loci characterized by high ADO

frequency (say with fr � 0.5).

Restriction site associated DNA markers affected by

ADO are expected to show reduced read coverage due to

missing RAD fragments associated with the null allele at

the restriction site. Thus, the analysis of read coverage data

might provide a practical solution for detecting and ruling

out problematic cases of ADO (i.e. those with fr � 0.5).

Estimation of ADO allele frequencies within population in

an individual-based analysis could be based on the Demp-

ster et al.’s (1977) algorithm which has been widely used

for null allele frequency estimation at molecular markers

such as microsatellites or allozymes (e.g. Chapuis & Estoup

2007), provided that one can add a statistical layer

including features typical of NGS markers (e.g. reduced

coverage). RAD experimental designs involving high-

Table 3 False outlier proportions (FOP95% in%) for FST averaged over nsnp SNPs under a scenario of two diverging populations

assuming Ne = 105 and tS = 105

nsnp c fmax
r � 0.25 fmax

r � 0.5 fmax
r � 0.75 fmax

r � 1.00

1 0.5 0.0 [0.0–2.0] (2247) 0.0 [0.0–3.9] (2299) 3.8 [0.0–10.7] (2324) 10.2 [3.6–18.0] (2346)
0.0 0.0 [0.0–3.8] (1626) 2.0 [0.0–7.4] (1669) 3.8 [0.0–10.7] (1686) 8.8 [1.9–16.4] (1711)

3 0.5 0.0 [0.0–5.7] (2247) 2.1 [0.0–9.1] (2299) 9.1 [2.0–16.7] (2324) 19.4 [9.3–27.9] (2346)
0.0 0.0 [0.0–3.9] (1626) 2.0 [0–7.5] (1669) 5.7 [0.0–12.5] (1686) 11.3 [3.8–20.6] (1711)

6 0.5 2.0 [0.0–5.8] (2247) 3.9 [0.0–10.7] (2299) 10.7 [3.8–18.6] (2324) 21.9 [12.3–31.0] (2346)
0.0 0.0 [0.0–5.7] (1626) 2.0 [0.0–7.5] (1669) 5.7 [0.0–12.5] (1686) 12.5 [3.9–21.0] (1711)

We considered a pool-based RAD analysis with pools of DNA sequences from 20 diploid individuals per population as experimental

unit. Different cut-off values on fmax
r (maximal frequency of the mutated restriction site in both populations) are considered. The

table reports median [q2.5%–q97.5%] of the FOP95% distribution obtained across 50 000 random samples. In the independent cases

(recombination rate, c = 0.5), each random sample consists of 1000 nsnp-uplets SNPs. Each SNP of the nsnp-uplet was randomly

sampled within one RAD locus sampled with replacement among the available ones (number given in parentheses). In the

completely linked case (c = 0), a similar procedure was considered except that SNPs from the nsnp-uplet all belong to the same

30 000-bp-long sequence (see the main text), the 1000 sequences being randomly sampled with replacement among the available ones

(number given in parentheses).

RAD, restriction site associated DNA.
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throughput sequencing of pools of individuals might be

more difficult to deal with. However, in this case too, the

detection of problematic cases of ADO analysis using read

coverage data might provide a solution. For example, the

reduction of read coverage for RAD loci showing ADO

might be assumed simply related to the underlying fre-

quencyof themutated restriction site. Thiswas empirically

confirmed by an observed reduction in coverage around

50% (from 38% to 73%) in sequences associated with het-

erozygous restriction sites in the study by Luca et al.

(2011). A mixture of overdispersed Poisson distributions

seems a promising approach tomodel observed read count

and to ultimately detect RAD loci displaying unexpected

lowcoverage.

Limits of our approach

A first limitation of our approach is that we did not take

into account any potential error typical of NGS data pro-

duction. Different sources of errors in NGS data have

been previously identified and commented on (e.g. lim-

ited coverage, PCR bias, sequencing error, misalignment

of reads; for a review, see Rokas & Abbot 2009; Pool

et al. 2010). A full understanding of the errors structure

has not been reached yet, and many of these errors are a

function of the specific study design, including sequenc-

ing depth, platform and chemistry, library preparation

and post-sequence processing. Error and bias profiles

specific to the RAD technique are also emerging (Davey

et al., this issue). It was therefore beyond the scope of

this study to include these errors in our mathematical

and simulation settings through additional statistical

layers. However, we believe that these errors are unli-

kely to change the general conclusions of our study, pro-

viding that read coverage is large enough so that raw

sequencing data allow to give a comprehensive picture

of the underlying RAD fragments.

A second limitation of our study is that only simple

population models have been considered (i.e. a single

close population of stable effective population size or a

model of two populations of effective size Ne diverging

ts generations ago). However, these basic population

models represent a first key step towards an under-

standing of the effect of ADO on genetic variation

within and between populations at RAD loci. One could

imagine more complex population demographic scenar-

ios under which ADO is likely to be stronger than what

we have observed in the present study. In particular,

scenarios involving recent genetic admixtures between

two source populations that diverged some substantial

time ago are expected to favour the presence of RAD loci

with high frequency of ADO in the admixed populations.

To confirm this expectation, we ran additional simula-

tions in which RAD loci were sampled from two popu-

lations originating from two recent (i.e. 50 generations

ago) independent admixture events involving two

parental populations characterized by large populations

sizes (Ne = 105) and divergence time (ts = 106). We

found that in this case, the FST FOP95% statistics com-

puted between the two admixed populations at single

SNP reached values as high as 27.8% (results not

shown). A (more) stringent filtering of RAD loci with

ADO was necessary in this case to reduce FOP95%

values below 5% (i.e. removal of RAD loci with ADO

frequency fr � 0.3). Additional studies are needed to

further investigate the occurrence and effect of ADO at

RAD loci under complex and potentially problematic

population demographic scenarios.

Another limitation of our simulation-based approach is

that we did not consider the effect of recombination

within the RAD locus. As shown by analytical results,

LD between SNPs and restriction site polymorphisms

might be viewed as a key parameter to understand the

effect of ADO on the SNP variability. Indeed, when LD

tends towards 0, the allele frequencies in the functional

restriction site background tend to be similar to the actual

ones. Therefore, as the extent of LD is an inverse function

of the genetic distance and the effective population size,

for very large population sizes (where ADO occurrence is

particularly problematic), our conclusions might be some-

what conservative in the sense that we might have over-

estimated ADO effect for large effective population sizes.

Finally, only a few parameter values were explored

to tackle the case of large evolutionary times typical of

phylogenetic studies. However, this limitation is justi-

fied by the fact that we deliberately focused our study

on RAD loci data sets produced in the context of popu-

lation genetics surveys and thus mostly considered

combinations of divergence times and effective popula-

tion sizes typical of such surveys. The few simulations

for which large divergence times were considered

(ts = 106 and 107) indicated a substantial loss of RAD

markers due to the fixation of a mutated variant of the

restriction site in one of the two populations (e.g. for

42.5% of the RAD loci when tS = 107). Although genetic

differentiation at RAD loci should be summarized by

other statistics than FST in the context of phylogeo-

graphical or phylogenetic study (e.g. Emerson et al.

2010), our simulation studies indicated that most RAD

loci for which a functional copy of the restriction site

remained present in the two taxonomical units under

study were characterized by limited ADO effect, at least

as measured by FOP estimation. However, we found

that the indirect selection of RAD markers conserved in

two diverging taxonomical units tends to induce a bias

towards DNA sequences characterized by low mutation

rates, a feature that might lead to underestimating

genetic divergence between species (results not shown).
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Additional studies here are also needed to better under-

stand the occurrence and effect of ADO at RAD loci in

the context of phylogenetic studies.
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Table S1 FST false outlier proportions (FOP) at different thresh-

old under a scenario of two diverging populations assuming

Ne = 105 and tS = 105.
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Table S2 FST false outlier proportions (FOP95% in %) in indi-

vidual-based RAD analyses.

Table S3 Standard deviation (SD) of the FST–based scores

(average over nsnp SNPs) under a scenario of two diverging

populations assuming Ne = 105 and tS = 105.

Fig. S1 Relationship between observed and true minor allele

frequencies (MAF) under a scenario of two diverging popula-

tions assuming Ne = 105 and tS = 105.

Appendix S1 Probability of the four RAD loci segregation

patterns described in Fig. 1 of the main text.
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