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Abstract

For populations to maintain optimal fitness, harmful mutations must be efficiently purged from the genome. Yet, under
circumstances that diminish the effectiveness of natural selection, such as the process of plant and animal domestication,
deleterious mutations are predicted to accumulate. Here, we compared the load of deleterious mutations in 21 accessions
from natural populations and 19 domesticated accessions of the common sunflower using whole-transcriptome single
nucleotide polymorphism data. Although we find that genetic diversity has been greatly reduced during domestication,
the remaining mutations were disproportionally biased toward nonsynonymous substitutions. Bioinformatically pre-
dicted deleterious mutations affecting protein function were especially strongly over-represented. We also identify similar
patterns in two other domesticated species of the sunflower family (globe artichoke and cardoon), indicating that this
phenomenon is not due to idiosyncrasies of sunflower domestication or the sunflower genome. Finally, we provide
unequivocal evidence that deleterious mutations accumulate in low recombining regions of the genome, due to the
reduced efficacy of purifying selection. These results represent a conundrum for crop improvement efforts. Although the
elimination of harmful mutations should be a long-term goal of plant and animal breeding programs, it will be difficult to
weed them out because of limited recombination.
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Introduction
Populations of organisms harbor harmful mutations that
prevent them from achieving optimal fitness. These muta-
tions may arise as a consequence of replication errors during
cell division. In addition, individuals are constantly exposed to
different mutagenic environmental factors. Consequently,
new variants, untested by selection, are introduced into all
populations, of all life forms, at all times and the majority of
these mutations are likely to be deleterious or neutral (Ohta
1992; Eyre-Walker and Keightley 2007).

The existence of deleterious mutations in natural popula-
tions is best understood as a balance among mutation,
selection, and drift. The demographic conditions and
genomic features that permit such mutations to rise in fre-
quency in sexual populations, despite their deleterious effects,
are of great interest, both for theoretical and applied
reasons (Felsenstein 1974; Charlesworth et al. 1993;
Hartl and Clark 1997). Under mutation selection balance,
the accumulation of deleterious mutations in sexually
reproducing species is infrequent because sex and genetic
recombination during meiosis can bring together currently
deleterious mutations to create unfit genotypes that are then
eliminated from the population. However, under certain
circumstances, the beneficial effects of sexual reproduction

and recombination may be reduced and the accumulation
of deleterious mutations can be substantial (Kondrashov
1988). For example, reduction in population size
and inbreeding will lower effective rates of recombination
and may allow nonadaptive, putatively deleterious
mutations to rise in frequency. In particular, as species
expand into new environments (either natural or artificial),
increased genetic drift due to both the reduction in effective
population size and fast growth rate can have previously
unforeseen consequences on genome evolution (Edmonds
et al. 2004).

In natural environments, the term allele or mutation surf-
ing was been coined to describe how mutations can spread at
the front of an expanding population (Edmonds et al. 2004;
Klopfstein et al. 2006; Excoffier et al. 2009; Peischl et al. 2013;
Lotterhos and Whitlock 2014). Eventually, rapidly expanding
population(s) can become genetically distinct from the core
population purely because of nonadaptive demographic
processes. Peischl et al. (2013) recently argued that the accu-
mulation of deleterious mutations during range expansion
has been largely unappreciated because most contemporary
studies focus on the adaptive consequences of natural
selection. As an example, they analyzed the distribution
of deleterious mutations in human populations—a topic of
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considerable interest and debate (Klopfstein et al. 2006;
Lohmueller et al. 2008; Fu et al. 2012; Do et al. 2015)—and
reported an excess of deleterious alleles in non-African
human populations, especially for private alleles (i.e., alleles
exclusive to non-African humans). These results imply that
many of the common contemporary deleterious mutations
in Europeans arose during the out-of-Africa range expansion
itself. G€unther and Schmid (2010) observed a similar surfing
effect of deleterious mutations in Arabidopsis thaliana,
where individuals at the edge of the species distribution
contained a significantly higher proportion of predicted
deleterious amino acid polymorphisms than other more
central accessions.

Analogous predictions can be made for populations that
have experienced large demographic changes, but in the con-
text of artificial selection. During the process of domestication
and subsequent improvement, populations are expected to
undergo multiple bottlenecks (and expansions), accompa-
nied by strong artificial selection on numerous, genetically
complex traits (Morrell et al. 2011). In turn, this implies
that the process of artificial selection will have wide ranging
repercussions on genome evolution. First, selection is pre-
dicted to be relaxed on characters that are important in
the wild, but not under agricultural conditions (Lu et al.
2006). Second, linkage between desirable beneficial and
unwanted deleterious mutations may hinder the ability of
selection to efficiently fix beneficial mutations, while weeding
out deleterious ones. Essentially, this occurs because selection
acts on the net effect of both beneficial and deleterious muta-
tions for a given genotype (Hill-Robertson effect; Felsenstein
1974; Cruz et al. 2008; Morrell et al. 2011). A corollary of this
effect is that selection against deleterious mutations will be
less effective in regions of the genome with reduced levels of
recombination (Charlesworth et al. 1993), leading to a pre-
dicted enrichment in deleterious mutations, in these regions,
following repeated bouts of selection, such as during domes-
tication (Lu et al. 2006; Haddrill et al. 2007; Morrell et al. 2011;
Mezmouk and Ross-Ibarra 2014). Yet, this has not been expli-
citly demonstrated in domesticated species, in part due to the
extent of data required to show such a relationship, at least
until the rise of next generation sequencing technology. The
population genomic consequences of domestication, and in
general artificial selection toward a new optimal fitness peak,
are likely to be similar to the allele surfing effect described in
the previous paragraph. Simply put, the combined effects of a
reduction in effective population size and fast population
growth during domestication can drag along nonadaptive
mutations, especially those that arose during the process of
domestication itself.

Few studies have explicitly examined the fate of deleterious
mutations in domesticated species. Work in rice (G€unther
and Schmid 2010) has identified an excess of nonsynonymous
sites in domesticated lines compared with wild ancestors,
without explicit predictions about their fitness effects.
Deleterious mutations in dogs (Cruz et al. 2008) and rice
(Lu et al. 2006) have also been linked to the process of
domestication. Yet, these early model studies only examined
a small fraction of the genetic diversity present in either wild

or domesticated individuals. In addition, new analytical meth-
ods (Adzhubei et al. 2010; Choi et al. 2012; Sim et al. 2012)
now permit stronger inference regarding mutational effects.
In this study, we set out to identify putative deleterious muta-
tions and study their fate in a large panel of domesticated
sunflowers and their wild relatives using transcriptome-wide
data.

Common sunflower (Helianthus annuus L.), an annual,
insect-pollinated plant, is considered one of the world’s
most important crops (Burke et al. 2002). Since the start of
its domestication nearly 4,000 years ago in North America, it
has been the focus of a vast amount of research both from an
evolutionary and a crop improvement, domestication per-
spective (Harter et al. 2004; Smith 2006; Blackman et al.
2011). Although the domesticated sunflower and its wild
progenitor are completely interfertile (Snow et al. 1998), sev-
eral morphological and life history traits distinguish them
(Burke et al. 2002). In short, domesticated sunflowers flower
earlier, have a single large head that does not shatter, and have
larger seeds compared with their wild, highly branched, coun-
terpart (Burke et al. 2002). Following its initial domestication
to primitive varieties (local domesticates called landraces),
sunflowers were brought to Europe by naturalists in the six-
teenth century (Putt 1997), and eventually to Russia where
they underwent intensified crop improvement. Most modern
cultivars (elite lines) trace their origin back to material from
this period (Fern�andez-Mart�ınez et al. 2009). Since then, the
common modern selection practice of reintroducing wild
alleles from intra or interspecific crosses into cultivars (Jarvis
and Hodgkin 1999) has led to a significant fraction of the
domesticated elite genome originating from other closely
related species (Baute et al. 2015).

Given this long history of domestication followed by crop
improvement in sunflowers, a certain number of plausible
predictions regarding the fate of deleterious mutations in
domesticated (landrace and elites) lines can be inferred.
First, we expect genetic variability to be reduced due to the
effect of domestication. Second, proportionally more deleter-
ious mutations are expected in domesticated lines compared
with wild individuals. Third, we expect variation in recombi-
nation rate along the sunflower genome to play a crucial role
in modulating the efficacy of selection. As such, regions of the
genome with an elevated deleterious mutation load should
coincide with low recombining regions. Finally, as we predict
that the accumulation of deleterious mutations during
domestication is a general phenomenon, not due to idiosyn-
crasies of sunflower domestication, we expect patterns to
hold true in other related domesticated species.

Results
We analyzed transcriptome (RNAseq) data for 16 wild, 9 land-
races, 10 elites, and 5 weedy H. annuus accessions comprising
a total of 568 million Illumina paired-end (100 bp) reads. After
aligning reads and parsing files according to specific quality
thresholds (see methods), we detected 485,217 polymorphic
sites (single nucleotide polymorphisms [SNPs]) in 25,112
genes of the H. annuus transcriptome. Result files were
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deposited in the Dryad Digital Repository (dx.doi.org/
10.5061/dryad.8s459).

We recognize that our final data set likely contains a small
fraction of false positives due to alignment and/or sequencing
errors. Yet, given the large amount of data, high overall cover-
age, different quality threshold cut-offs tested, and visual
inspection of a random subset of alignments, we are confi-
dent in the general patterns we observed here. In addition, it
should be noted that the goal of this study is to uncover

overarching principles about the genomic consequences of
domestication rather than identify individual mutations
responsible for specific traits.

As predicted, the total number of polymorphic sites varied
greatly among classes (fig. 1A, one-way analysis of variance:
F3,36 = 11.2, P = 2� 10�5), with wild individuals containing the
greatest number of sites, followed by elite and landrace indi-
viduals (post hoc Tukey tests, elite vs. landrace, P = 0.28; elite
vs. wild, P = 0.02; landrace vs. wild, P = 0.0002). For their part,

Polymorphic sites

M
A
I

M
A
L

ZU
L

H
A

H
AW

59
H
O
P
L

A
LB

M
E
N

S
AW

3
M
E
L

KO
S
I

H
IL

H
A
L

H
A
38
4

TE
W

H
A
89
.5

R
H
A
27
4

LE
W
1

H
A
89
.9

H
A
36
9

A
R
L

N
E
W

TE
X

S
un
ris
e_
5

S
un
ris
e_
6

V
N
IIM
K
89
31

bt
m
11
.1

bt
m
3.
2

M
an
te
ca
8

K
11
1

bt
m
6.
1

X
14
TB
.2

X
2O
TB
.7

A
ca
de
m
y2

M
an
te
ca
4

ar
g1
4B
.1
4

C
an
al
5

bt
m
35
.4

A
ca
de
m
y7

C
an
al
2

N
um

be
r o

f s
ite

s 
(x

 1
,0

00
)

H. annuus  accessions

A

0

50

100

150

200

Non
−s

yn
o

ny
mou

s

Syn
on

y−

mou
s

Non

co
din

gwild
weed
landrace
elite

Pn

Ps

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

P
ro

po
rti

on
s

H. annuus  accessions

X
14
TB
.2

N
E
W

bt
m
35
.4

bt
m
11
.1

A
ca
de
m
y2

A
ca
de
m
y7

ar
g1
4B
.1
4

K
11
1

C
an
al
2

X
2O
TB
.7

C
an
al
5

TE
X

TE
W

bt
m
3.
2

bt
m
6.
1

M
E
L

M
an
te
ca
4

M
an
te
ca
8

LE
W
1

A
LB

M
E
N

S
AW

3
H
A
36
9

A
R
L

H
O
P
L

M
A
I

H
A
L

V
N
IIM
K
89
31

H
A
38
4

H
AW

59
KO
S
I

R
H
A
27
4

H
IL H
A

S
un
ris
e_
5

S
un
ris
e_
6

H
A
89
.5

ZU
L

M
A
L

H
A
89
.9

B

Pn (nonsense)

 Pn (sense)

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

P
ro

po
rti

on
s 

(X
 1

00
)

H. annuus  accessions

X
2O
TB
.7

TE
W

bt
m
3.
2

N
E
W

bt
m
11
.1

A
ca
de
m
y7

X
14
TB
.2

ar
g1
4B
.1
4

bt
m
35
.4

V
N
IIM
K
89
31

M
an
te
ca
4

bt
m
6.
1

K
11
1

M
E
N

C
an
al
2

M
an
te
ca
8

C
an
al
5

A
R
L

H
A
L

H
A
38
4

LE
W
1

A
ca
de
m
y2

H
AW

59
A
LB

H
A
36
9

H
O
P
L

TE
X

S
AW

3
H
A
89
.5

H
A
89
.9

R
H
A
27
4

M
E
L

S
un
ris
e_
5

S
un
ris
e_
6

H
IL

ZU
L

M
A
L

KO
S
I

H
A

M
A
I

C
Pn (deleterious)

 Pn (neutral)

0.
00

0.
05

0.
10

0.
15

0.
20

ar
g1
4B
.1
4

X
14
TB
.2

bt
m
35
.4

K
11
1

X
2O
TB
.7

A
ca
de
m
y7

bt
m
3.
2

bt
m
6.
1

bt
m
11
.1

C
an
al
2

N
E
W

A
ca
de
m
y2

C
an
al
5

TE
X

M
an
te
ca
4

M
an
te
ca
8

M
E
N

A
LB

TE
W

H
O
P
L

LE
W
1

S
AW

3
H
A
L

R
H
A
27
4

V
N
IIM
K
89
31

A
R
L

S
un
ris
e_
6

S
un
ris
e_
5

H
AW

59
ZU
L

H
A
38
4

H
A
36
9

H
A

H
IL

H
A
89
.9

H
A
89
.5

KO
S
I

M
E
L

M
A
L

M
A
I

P
ro

po
rti

on
s

H. annuus  accessions

D

FIG. 1. (A) The number of coding synonymous, coding nonsynonymous, and noncoding mutations per individual. (B) The number of nonsynonymous
mutations (Pn) divided by the number of synonymous mutations (Ps) per individual. (C) The number of nonsynonymous nonsense (i.e., alternative
STOP codon, Pn(nonsense)) mutations divided by the number of sense nonsynonymous mutations (Pn(sense)) per individual. (D) The number of
nonsynonymous deleterious mutations (Pn(deleterious)) divided by the number of neutral nonsynonymous mutations (Pn(neutral)) per individual.
PROVEAN cutoff value <�2.5 for deleterious sites (see supplementary fig. S2, Supplementary Material online, for alternative cutoff values).
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individual weed lines differed in their number of polymorphic
sites, with individuals from California (Canal2, Canal5,
Manteca4, and Manteca8) among the most polymorphic
ones, while the sole weed representative from outside its
North American native range (Australia, SAW3) among the
least (fig. 1A). Among all polymorphic sites, 20% of sites con-
tained noncoding mutations, 55% synonymous mutations,
and 24% nonsynonymous mutations.

When looking at the total number of nonsynonymous
versus synonymous mutations (Pn/Ps) per individual, the pat-
terns in figure 1A were reversed (fig. 1B, beta regression:
Z(df = 3) =�9.2, P< 2� 10�16). Domesticated lines showed
the greatest proportion of nonsynonymous mutations
(Wilcoxon rank-sum test, elite vs. landrace: W = 38, P = 0.6;
elite vs. wild: W = 160, P = 4� 10�7; landrace vs. wild:
W = 141, P = 7� 10�6). Among nonsynonymous mutations,
~0.2% of those represented nonsense (alternative STOP
codons) mutations, and there was an excess in their propor-
tion compared with all nonsynonymous mutations in the
domesticated lines (fig. 1C, beta regression: Z(df = 3) =�5.2,
P< 1.9� 10�7; Wilcoxon rank-sum test, elite vs. landrace:
W = 46, P = 0.97; elite vs. wild: W = 148, P = 0.0001; landrace
vs. wild: W = 133, P = 0.0001). Finally, we used PROVEAN
(Protein Variation Effect Analyzer; Choi et al. 2012) to bioin-
formatically predict the deleterious effect of nonsynonymous
mutations. According to the default deleterious threshold
value (�2.5) for PROVEAN, we identified 14% of
nonsynonymous mutations as deleterious (fig. 1D) and this
varied among classes of individuals (beta regression:
Z(df = 3) =�11.5, P< 2� 10�16). Similar to the patterns in
figure 1B and C, the proportion of deleterious mutations
was the greatest in domesticated lines, but again there was
no difference between landrace and elite individuals (fig. 1D,
Wilcoxon rank-sum test, elite vs. landrace: W = 40, P = 0.72;
elite vs. wild: W = 160, P = 4� 10�7; landrace vs. wild:
W = 160, P = 4� 10�7). In addition, we calculated propor-
tions as in figure 1B–D using nucleotide diversity (�) instead
of actual count data and present these in supplementary
figure S1, Supplementary Material online.

We also performed analyses of deleterious mutations using
different parameters in order to verify the robustness of the
results presented here. First, we used a range of threshold
values (more tolerant or more stringent; supplementary fig.
S2, Supplementary Material online) to identify deleterious
mutations. Second, because landrace lines were sequenced
at an earlier date than many of the wild and elite genotypes,
read depth often was lower, leading to proportionally more
missing data (F(3,36) = 5.8, P = 0.002, mean fraction of missing
data per SNP: Wild = 10%, weed = 19%, landrace = 33%,
elite = 14%). As such, we performed analyses using a range
of missing data thresholds (i.e., keeping only polymorphic
sites with 1%, 5%, 10%, or 20% missing data per SNP; supple-
mentary fig. S2, Supplementary Material online). Results were
similar based on these different PROVEAN (supplementary
fig. S2, Supplementary Material online) and missing data
thresholds (supplementary fig. S3, Supplementary Material
online). Third, we also identified deleterious mutations
using another frequently used approach (SIFT; Ng and

Henikoff 2003; Sim et al. 2012). Although the identity of the
deleterious mutations identified by either SIFT or PROVEAN
sometimes varied, given that the methods rely on differ
assumptions, overall results were qualitatively similar, and
the ranking of lines by Pn(deleterious)/Pn(neutral) was nearly iden-
tical using either PROVEAN (fig. 1D) or SIFT (supplementary
fig. S4, Supplementary Material online). In addition, muta-
tions identified as deleterious by SIFT had a significantly
lower PROVEAN score (more deleterious) than the ones iden-
tified as tolerated (i.e., neutral) by SIFT (supplementary fig. S5,
Supplementary Material online).

Next, we quantified the change in the proportions of dele-
terious mutations for private mutations (i.e., mutations that
were found exclusively in wild or domesticated lines). Note
that weed lines were excluded from this analysis given that
their evolutionary origin is variable (weed individuals are
introgressed to varying extent with domesticated germplasm;
Baack et al. 2008; Kane and Rieseberg 2008). In the wild lines,
40% of mutations were private, compared with 16% for the
domesticated lines. Restricting our analyses to private muta-
tions, we found that the patterns identified in figure 1D were
more pronounced in all domesticated lines (�2

(df = 1) tests,
P� 0.001), but not in wild lines (fig. 2, where colored bars
as in fig. 1D are superimposed with relative frequencies for
private mutations exclusively).

Nonsynonymous deleterious mutations segregate at a
lower frequency compared with nonsynonymous neutral
mutations in both wild and weed lines (fig. 3A and B;
Kolmogorov–Smirnov test, P< 2.2� 10�16). Conversely,
this pattern was reversed in the landrace (fig. 3C;
Kolmogorov–Smirnov test, P = 2� 10�8) and elite lines
(fig. 3D; Kolmogorov–Smirnov test, P = 6� 10�8).
PROVEAN score (deleterious effect) was also positively corre-
lated with allele frequency in the wild (i.e., more deleterious
alleles are also rarer, Spearman rho, P< 2� 10�16; supple-
mentary fig. S6, Supplementary Material online).

We identified 131 putative regions of the H. annuus
genome showing a significant excess of deleterious mutations
(at P< 0.05 significance). These regions had a lower mean
(1.15 centiMorgans [cM]/Megabase [MB]) and median
(0.25 cM/MB) recombination rate than the balance of the
genome (table 1; mean = 3.41 cM/MB, t-test, P = 1.6� 10�6

and median = 0.42 cM/MB, Wilcoxon rank-sum test,
P = 2.5� 10�15). As an illustration of this genome-wide
trend, there was a large excess of deleterious mutations in
the low recombining regions of linkage group 10 (here, a
putative centromeric region of the chromosome; fig. 4).

Finally, we also performed the analyses depicted in figure 1
in two other Compositae for which RNAseq data were avail-
able on National Center for Biotechnology Information
(NCBI) Sequence Read Archive for at least one wild individual
from the native range in addition to several domesticated
individuals (table 2). Both cardoon and globe artichoke
showed the expected pattern: A significant increase in the
load of deleterious mutations in the domesticated lines com-
pared with wild relatives (�2 test, P� 0.01; table 2, see also
supplementary figs. S7 and S8, Supplementary Material online
for details).
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Discussion

Accumulation of Deleterious Mutations during
Domestication

Under mutation–selection balance, deleterious mutations are
expected to be held at low frequency in large sexual popula-
tions (Hartl and Clark 1997). However, during domestication,
this balance may be disrupted and deleterious mutations may
rise in frequency, despite their negative effects on fitness.
Thus, plant and animal domestication may have previously
unforeseen impacts on genome evolution that may in turn
have phenotypic repercussions (Lu et al. 2006; Cruz et al. 2008;
G€unther and Schmid 2010). Here, we show that the distribu-
tion of different kinds of mutations in wild and domesticated
sunflowers is largely consistent with an excess of deleterious
mutations arising as a consequence of domestication over the
last 4,000 years. In wild ancestral populations, there exists a
large amount of genetic variability and predictably artificial
selection has greatly reduced this variability, by as much as
80% in domesticated lines (fig. 1A), confirming previous
results (Blackman et al. 2011). The novelty of the current
work is to show that although only a fraction of the variability
remains, nonsynonymous (fig. 1B), nonsense (fig. 1C), and

more specifically deleterious mutations (fig. 1D) are enriched
in these domesticated lines. Finally, we also present evidence
that low recombining regions of the genome harbor a greater
load of deleterious mutations than expected, as predicted by
theory.

In addition, the other Compositae crops we analyzed
appear to show the same general deleterious genomic
effect of domestication. Admittedly, the paucity of publicly
available data for these crops and the use of a single wild
variety make any strong conclusion speculative. Clearly,
there is a need to explore these questions using a more
thorough sampling design.

A caveat of our current work resides in the fact that the
deleterious effect of a mutation is based on bioinformatic
predictions. Although this approach is widely used and has
been shown to be highly effective in identifying different types
of mutations (Ng and Henikoff 2003; Adzhubei et al. 2010;
Choi et al. 2012; Sim et al. 2012), not all mutations identified
through this approach will necessarily have a deleterious
effect. Mutations annotated as deleterious could also be
locally adaptive under certain conditions and need to be
better characterized. In this study, we set out to uncover
overarching principles about the genomic consequences of
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domestication rather than identify individual mutations
responsible for specific traits and their effect on fitness.

In addition, our current approach does not explicitly
account for the ancestral state of a particular mutation.
Recent work in human population genetics (Simons et al.
2014; Do et al. 2015) indicates that the algorithms predicting
the functional effects of deleterious variants are dependent
on the ancestral/derived state of the reference allele (i.e., if the
reference carries the derived allele, it is more likely to be
classified as benign than if it carries the ancestral allele). In
the future, this will have to be explicitly accounted for by
carefully choosing an outgroup and by employing approaches
that predict functional effects in a way that is independent of
the ancestral/derived status of the reference, such as in
Simons et al. (2014) and Do et al. (2015). Nevertheless, this
bias should not affect the well-known pattern of reduction in
genetic diversity in domesticated lines (fig. 1A, supplementary
fig. S1A, Supplementary Material online, and Blackman et al.
2011), nor should it affect Pn/Ps ratios in figure 1B. Finally, in
figure 1C, the fact that the reference is closely related to the
domesticated lines should reduce the number of nonsense
mutations identified in the domesticated lines (i.e., the open

reading frames [ORFs] in the domesticated lines should be
more similar to the reference than to the more distantly
related wild lines), thus making our estimates conservative.

No Difference between Landrace and Elite Lines

Intriguingly, we did not observe a difference between landrace
and elite lines, even though the latter have gone through a
second stage of domestication (i.e., improvement). If any-
thing, it appears that landraces have a greater load of deleter-
ious mutations than elite lines (fig. 1D). Although a greater
load of deleterious mutations may have been predicted in
elite compared with landrace lines due to the increased arti-
ficial selection pressure, there are several factors that may
explain this pattern. Modern selection practices (e.g., the
practice of reintroducing wild alleles from intra or interspe-
cific crosses into cultivars; Jarvis and Hodgkin 1999) may
effectively lead to the removal of deleterious alleles, thus
counteracting the deleterious effects of domestication
(Baute et al. 2015). This would also explain why elite lines
harbor more variable mutations than landrace lines (fig. 1A).
In addition, the maintenance in seed banks of landrace lines
collected as long as 60 years ago implies that these must have
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been grown and propagated more than a dozen times in
order to keep viable seeds (sunflower seed viability starts
dropping rapidly after 4–5 years). Such a process might
allow deleterious mutations to accumulate. Yet given the
small number of generations since seed banks have been
established, it is unlikely to play a large role here. Clearly,
domestication is a multifaceted process that can have unfore-
seen consequences on genome evolution.

Patterns in Weed Lines

Although domesticated plants are usually selected for a par-
ticularly well-defined suite of characters (Burke et al. 2002),
weed populations may have a different evolutionary history
depending on their location and level of weediness. In the
United States, weed and wild sunflower populations are
known to continuously exchange genes (Kane and
Rieseberg 2008). As a consequence, the California weed sun-
flowers resemble wild populations present in the area, with a
large number of total mutations (fig. 1A), but a low ratio of
deleterious ones (fig. 1D). In contrast, the weed representative
from Australia (SAW3) is unlikely to have hybridized with
wild populations (sunflowers are native to North America),
which would explain its closer resemblance to domesticated
lines in terms of lower number of mutations, but higher
proportion of deleterious ones (fig. 1A and D).

Origin of Deleterious Mutations

Given the relatively recent history of sunflower domestication
compared with its divergence from its sister taxon Helianthus
argophyllus (~1 Ma; Kane et al. 2009), it is probable that a
substantial fraction of mutations in domesticated lines has
arisen from the genome-wide accumulation of wild standing

variation (Lu et al. 2006). Indeed, more than 80% of the
mutations identified in the domesticated lines are also pre-
sent in the wild populations. Yet, in addition to standing
genetic variation, it appears that mutations that arose more
recently, during the process of domestication itself, may be
preferentially enriched for deleterious alleles. As such, when
we restricted analyses to mutations that were mutually exclu-
sive (i.e., private to either the wild or the domesticated lines),
the proportion of deleterious mutations sharply increased in
domesticated lines (fig. 2). These results are in agreement with
the expansion load model, which predicts that private de
novo mutations arising during the phase of population
expansion itself are more often deleterious than rare genetic
variants already present in the source population (Peischl
et al. 2013). Alternatively, frequent bottlenecks during domes-
tication could increase the frequency of deleterious alleles
already present in the wild, but too rare to be detected
with the current sampling design.

Variation in Recombination Rate

The exact phenotypic and fitness consequences of an increase
in load of deleterious mutations remain to be explicitly tested.
In the future, crop breeding programs may wish to focus on
removing these mutations (or complementing them via
hybridization) to further improve yields. The fact that these
mutations tend to accumulate in low recombining regions of
the genome (fig. 4 and table 2, but see Mezmouk and Ross-
Ibarra 2014) will render this task more difficult. Indeed, it is
precisely because the efficacy of selection (either natural or
artificial) is reduced in low recombining regions of the
genome that these mutations have not been purged from
the genome despite thousands of years of domestication
(McMullen et al. 2009). Nevertheless, there are several ave-
nues of research which could be explored to specifically target
these recalcitrant regions, including genome editing (Perez-
Pinera et al. 2012), recombination rate modifiers (Li et al.
2007), or mining the diversity of wild relatives (McCouch
et al. 2013).

Conclusion
When a desired genome is selected for propagation, all muta-
tions, beneficial, neutral, or deleterious, shift in frequency, and
this sometimes can have unforeseen consequences. Artificial
selection and the population genetic environment in which it
is performed can thus interfere with natural selection. As
such, there appears to be a genetic cost to domestication
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FIG. 4. Chromosome (linkage group) 10. Example of relationship
between recombination rate (left y-axis, cM/MB) and deleterious load
(significance P value for Pn(deleterious)/Pn(neutral) evaluated per 1 cM
window compared with the balance of the genome). Triangles corre-
spond to P values significant after q-value correction (q-value< 0.05).

Table 1. Recombination Rate in Regions with Significantly Elevated
Load of Deleterious Mutations Compared with the Balance of the
Genome.

Recombination Rate (cM/MB)

Regions with
elevated load
(131 regions)

Balance of
the genome

P values

Mean 1.15 3.41 t-test, 2.53� 10�15

Median 0.25 0.42 Wilcoxon
test, 1.6� 10�6
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and our analyses suggest that a significantly biased proportion
of amino acid substitutions occurring during domestication
are deleterious, especially in regions of the genome with low
levels of recombination. Although challenging, the removal or
complementation of these deleterious mutations represents a
well-defined target of future crop improvement efforts.

Methods
We analyzed transcriptome (RNAseq) data for 16 wild, 9 land-
races, 10 elites, and 5 weed accessions (supplementary table
S1, Supplementary Material online). All reads were sequenced
on an Illumina (San Diego, CA) GAII or HiSeq next-generation
sequencing platform (paired-end reads, 2� 100 bp, non-nor-
malized libraries). Note that wild and weed individuals were
sequenced as part of an interspecific study on genomic
islands of divergence in wild sunflowers and are reported in
detail in Renaut, Grassa, Yeaman, Moyers, et al. (2013).
Transcriptomes for landrace and elite lines are described in
Baute et al. (2015). Sequences are publicly available on
NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
Traces/sra/ [last accessed May 7, 2015], see supplementary
table S1, Supplementary Material online, for details). Once
sequencing files were acquired, all further analyses were per-
formed using custom R (version 3.0.2, R Core Team 2013)
scripts, publicly available on GitHub (https://github.com/
seb951/helianthus_deleterious_domestication, last accessed
May 7, 2015).

Alignments and Variant Calling

Reads were aligned against a reference transcriptome using
the Burrows–Wheeler Aligner (BWA V.0.7.5A-R405, ALN and
SAMPE commands; Li and Durbin 2009). Following align-
ments, we used the Indel Realigner from the genome analysis
toolkit (GATK; McKenna et al. 2010) to correct alignment
errors near indels. The reference data set consisting of 51,468
contigs (51.3 Mbp) is available on DRYAD (Renaut, Grassa,
Yeaman S, Lai, et al. 2013) and described in a previous pub-
lication (Renaut, Grassa, Yeaman, Moyers, et al. 2013). Briefly,
it was generated by sequencing four H. annuus libraries

prepared from plants grown under different environmental
conditions and assembled de novo using TRINITY (Grabherr
et al. 2011). These plants came from a single elite individual
(HA412), which is the focus of the sunflower genome project
(Kane et al. 2011). It was excluded from the current analysis,
given that libraries were composed of a mix of tissues different
from all other sunflower individuals analyzed here (young leaf
tissue). SAMTOOLS v.0.1.19-44428cd (MPILEUP, BCFTOOLS;
Li et al. 2009) was used to call SNPs. Variant Calling Format
files (.vcf files) were then parsed in order to remove sites
according to specific quality thresholds. These thresholds
were determined based on previous experience with similar
RNAseq data sets in sunflowers (Renaut et al. 2012; Renaut,
Grassa, Yeaman, Moyers, et al. 2013). First, phred-scaled gen-
otype likelihoods below 15 (which corresponds to a genotyp-
ing accuracy of at least 95%) were considered as missing.
Then, sites missing genotypes in more than 50% of all indivi-
duals sequenced were removed. Note that different missing
data threshold (1%, 5%, 10%, 20%) was also tested and results
are reported in supplementary figure S3, Supplementary
Material online. SNPs with low expected heterozygosity
(He< 0.095, or minor allele frequency <5%) were removed,
given that they likely represent sequencing errors. SNPs with
high observed heterozygosity (Ho 4 0.6, or more than 60%
of individuals heterozygous) were removed because they
likely represent paralogous sequence variants. Once a list of
high-quality SNPs had been determined, the reference tran-
scriptome was reannotated at polymorphic loci using a
“majority rule” consensus. Accordingly, for polymorphic
sites, the transcriptome was modified with this major allele,
and this reannotated transcriptome was used as the reference
in the analyses of deleterious variants as described further
down. This step is necessary in order to avoid the inherent
bias of the transcriptome toward domesticated lines (the
reference was built from an elite individual). In addition, we
searched for deleterious variants after reannotating the tran-
scriptome using exclusively domesticated lines or exclusively
wild lines to assess reference bias. In both cases, overall results
were quantitatively similar to the ones reported here (data

Table 2. Load of Deleterious Mutations for Two Other Closely Related Compositae.

Scientific Name Common Name Wild/Domesticated Pn (total) Pn (deleterious) Pn (deleterious)/Pn (neutral) v2 test (v2 statistic,
df, P-value)a

Cynara cardunculus
var. sylvestris

Wild cardoon/globe
artichoke

Wild (Sicily,
core population)

12,069 1,900 0.187 v2 = 34,
df = 2, 3� 10�8

C. cardunculus var. altilis Cardoon Domesticated 7,786 1,458 0.23

C.cardunculus var. altilis Cardoon Domesticated 6,844 1,239 0.221

C. cardunculus
var. sylvestris

Wild cardoon/globe
artichoke

Wild (Sicily,
core population)

11,344 1,465 0.146 v2 = 113,
df = 5, 2� 10�16

C. cardunculus var. scolymus Globe artichoke Domesticated 12,868 1,832 0.166

C. cardunculus var. scolymus Globe artichoke Domesticated 11,847 1,889 0.19

C. cardunculus var. scolymus Globe artichoke Domesticated 10,521 1,781 0.204

C. cardunculus var. scolymus Globe artichoke Domesticated 10,320 1,648 0.19

C. cardunculus var. scolymus Globe artichoke Domesticated 9,143 1,537 0.202

NOTE.—The wild cardoon/globe artichoke samples (C. cardunculus var. sylvestris) are the same individual as domesticated cardoon and globe artichoke are thought to have arisen
from the same wild cardoon species (Scaglione et al. 2012). Numbers differ slightly for C. cardunculus var. sylvestris because quality thresholds are based on a different number of
individuals for the cardoon (3) and globe artichoke (6) comparisons.
a�2 test comparing the ratios Pn (deleterious)/Pn (neutral) in wild (expected) versus domesticated (observed) group.
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not shown). Finally, we calculated minor allele frequency per
line (wild, weed, landrace, and elite) separately in order to
identify which mutations were private to wild and domesti-
cated (landrace and elite) lines.

Protein Coding Evolution

For analyses of protein evolution, ORFs were identified from
our reference transcriptome using the program GETORF in
European Molecular Biology Open Software Suite (Rice et al.
2000). We showed previously that this approach works well at
identifying coding regions in sunflowers (Renaut, Grassa,
Yeaman, Moyers, et al. 2013). The longest open-ended ORF
(minimum length of 300 nt) was kept as the most probable
translated region of the gene. On the basis of these ORFs,
every SNP was then be classified as “noncoding,” “coding
synonymous,” “coding nonsynonymous,” and “nonsense”
(alternate STOP codon) for each individual.
Nonsynonymous SNPs were then further categorized as
“neutral” or “deleterious” based on bioinformatics predictions
(see below).

Predicting Effect of Deleterious Mutations

We used a new bioinformatics tool, PROVEAN v.1.1.4 (Choi
et al. 2012), in order to predict the effect of deleterious muta-
tions for the subset of nonsynonymous SNPs. This alignment-
based method first identifies closely related protein sequence
homologs through position-specific iterated BLAST (PSI-
BLAST) searches. It then compares alignment scores between
the reference and its homologs before and after the introduc-
tion of an amino acid variation in the query sequence. Here,
protein sequence homolog searches were done against NCBI
nr database, but PROVEAN source code was modified to
restrict searches to green plants (Viridiplantae). This bioinfor-
matics approach has been shown to perform well in separat-
ing disease-associated variants from common polymorphisms
in human protein variations (Choi et al. 2012), compared with
other common bioinformatics predictors used mainly in
human genetics such as POLYPHEN-2 (Adzhubei et al.
2010). Finally, it can be implemented easily for any species,
as long as a set of reference proteins (here, the longest ORF)
and a list of variable sites are available. To confirm our results,
we used another program (SIFT; Ng and Henikoff 2003; Sim
et al. 2012), which is frequently used to study the role of
deleterious mutations in human diseases and tends to be
more sensitive, but less specific than PROVEAN (Choi et al.
2012). Note however that our current approach does not
explicitly account for the ancestral state of an allele. Recent
work (Simons et al. 2014; Do et al. 2015) has shown that
without such knowledge, the functional effect of
nonsynonymous changes may be biased in a way that is
dependent on the ancestral/derived state of the reference
allele.

To determine the relative diversity of the four classes of
sunflower accessions (wild, weed, landrace, and elites), we also
calculated nucleotide diversity (�, calculated in SITES, Hey Lab
Distributed Software, http://genfaculty.rutgers.edu/hey/
%E2%80%A8software#SITES/, last accessed May 7, 2015) per

class and for synonymous, nonsynonymous, nonsense, and
nonsynonymous deleterious mutations separately. We then
calculated the same ratios as presented in figure 1B–D, but
using nucleotide diversity (�) instead of actual count data,
and present these results in supplementary figure S1,
Supplementary Material online.

Using previously calculated recombination rates based on
physical and genetic map integration (Renaut, Grassa,
Yeaman, Moyers, et al. 2013), we also tested whether regions
of the sunflower genome which harbor an excess of deleter-
ious mutations tended to recombine less often, as would be
predicted by theory (Morrell et al. 2011). Regions of the
genome showing an excess of deleterious mutations were
first identified through a sliding window analysis and signifi-
cance tested through a resampling approach similar to the
one described in Hohenlohe et al. (2009) and Renaut, Grassa,
Yeaman, Moyers, et al. (2013). Briefly, in sliding windows of 1
cM, we calculated the proportion of deleterious over neutral
nonsynonymous mutations (Pn (deleterious) /Pn (neutral)). To
assess significance in each window, we randomly sampled
with replacement from across the genome the same
number of markers present in that window and recalculated
the Pn (deleterious) /Pn (neutral) proportion. This was done 100,000
times per window and thus provides a null distribution of
expected values for each genomic region, accounting for the
number of markers. Significance (P) values therefore repre-
sent the fraction of the distribution exceeding the expected
value. Adjacent windows with significant P values represent a
single region with an excess of deleterious mutations.

Accumulation of Deleterious Mutations in Other
Compositae

We expanded our analyses to other closely related domesti-
cated species for which full transcriptome data were available
publicly (Scaglione et al. 2012) in order to confirm that the
rise in the proportion of deleterious mutations during domes-
tication was not due to idiosyncrasies unique to the common
sunflower. On the basis of literature searches, we identified
two species of Compositae where RNAseq data was available
for at least one wild individual from the native range and
several domesticated individuals: Cardoon—Cynara cardun-
culus var. sylvestris (wild) compared with C. cardunculus var.
altilis (domesticated), and globe artichoke—C. cardunculus
var. sylvestris (wild) compared with C. cardunculus var. scoly-
mus (domesticated). For other Compositae crops, transcrip-
tome sequences either were not available from the native
range or the sequencing error rate was too high and/or
sequence depth too low for the planned analyses (Barker
et al. 2008; Hodgins et al. 2014). Once we contacted the
authors to verify the origin of the Cynara samples, we down-
loaded data files from NCBI Sequence Read Archive. Both
these species have also been domesticated (Scaglione et al.
2012), albeit not to the same extent as sunflowers
(Dempewolf et al. 2008). We ran our bioinformatics pipeline
to align sequences, call polymorphic sites, and identify
nonsynonymous and deleterious mutations for each of the
two Cynara species. Note that here, the reference
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transcriptome was constructed from two domesticated and a
wild individual as described in Scaglione et al. (2012).

Supplementary Material
Supplementary table S1 and figures S1–S8 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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