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Since the advent of modern plant breeding in the 1930s, North
American maize has undergone a dramatic adaptation to high-in-
put agriculture. Despite the importance of genetic contributions to
historical yield increases, little is known about the underlying ge-
nomic changes. Here we use high-density SNP genotyping to char-
acterize a set of North American maize lines spanning the history
of modern breeding. We provide a unique analysis of genome-
wide developments in genetic diversity, ancestry, and selection.
The genomic history of maize is marked by a steady increase in
genetic differentiation and linkage disequilibrium, whereas allele
frequencies in the total population have remained relatively con-
stant. These changes are associated with increasing genetic sepa-
ration of breeding pools and decreased diversity in the ancestry of
individual lines. We confirm that modern heterotic groups are the
product of ongoing divergence from a relatively homogeneous
landrace population, but show that differential landrace ancestry
remains evident. Using a recent association approach, we charac-
terize signals of directional selection throughout the genome,
identifying a number of candidate genes of potential agronomic
relevance. However, overall we find that selection has had limited
impact on genome-wide patterns of diversity and ancestry, with
little evidence for individual lines contributing disproportionately
to the accumulation of favorable alleles in today’s elite germ-
plasm. Our data suggest breeding progress has mainly involved
selection and recombination of relatively common alleles, contrib-
uted by a representative but limited set of ancestral lines.

Society depends critically on agricultural production. In most
crops, yield under high-input conditions has increased dra-

matically over the past hundred years, providing inexpensive food
and feed that form the basis of today’s industrialized economies.
Sustained increases in productivity have been possible in part
thanks to the continued release of new crop varieties by public and
private plant breeders. Nowhere is this development more appar-
ent than in North American maize, where constant genetic gains in
yield have been documented since the early 20th century (1).
Institutional maize breeding gained traction in the 1930s,

when inbred lines derived from open-pollinated Corn Belt Dent
varieties became the source of the first successful double-cross
hybrids (2). In the late 1950s, transition to more productive
single-cross hybrids marked the inception of three so-called
heterotic groups, Iowa Stiff Stalk Synthetic (SS), Non-Stiff Stalk
(NSS), and Iodent (IDT) (3), which today constitute genetically
distinct breeding pools providing superior hybrid performance
(4). A last major change occurred in the 1980s, when breeding
became increasingly privatized and reliant on high-yielding, elite
commercial lines (3).
Although developments in breeding practice, pedigree, and

phenotype associated with historical breeding progress are well
documented (5–8), little is known about the underlying genomic
changes. Knowledge of genome-wide responses to artificial se-
lection is becoming ever more important now that genomic data
increasingly form the basis for selection decisions in breeding
programs (9, 10). Previous marker studies have addressed rela-
tionships between modern maize lines (11–14), and some have
described historical genetic changes using a limited number of
markers (15–17), but so far there has not been a genome-wide
account of breeding history. The ancestral origin of modern
genetic differences, such as observed among heterotic groups,
and the role of artificial selection in determining the composition
of the genome therefore remain largely unknown.

Here we present an in-depth analysis of genomic history in
North American maize, using a dataset of ∼46,000 single nu-
cleotide polymorphism (SNP) markers genotyped in a large
number of accessions, spanning four eras of maize breeding:
open-pollinated landraces (pre-1930s, hereafter era 0), early
inbred lines (pre-1950, era 1), advanced public inbred lines (pre-
1980, era 2) and elite commercial inbred lines (post-1985, era 3).
We provide a comprehensive analysis of changes in genome-wide
patterns of diversity and ancestry precipitated by almost a cen-
tury of breeding. By identifying individual SNPs with evidence of
directional selection, we define regions and genes of potential
importance to genetic improvement. We characterize patterns of
ancestry at selected sites and determine the ancestral sources of
favorable alleles to shed light on the effects of artificial selection
on the genomic evolution of modern maize.

Results
Historical Developments in Population Structure and Genomic Ancestry.
Principal component analysis (PCA) (Fig. 1) reveals pronounced
patterns of population structure caused by genetic differentiation.
We find 39 significant principal components (PCs) (18), of which
the first three clearly relate to historical patterns of differentiation
(Fig. 1A). Clustering of era 0 and 1 genotypes around the origin of
the first three axes (Fig. 1A) suggests limited population structure is
present within the first two eras of maize breeding, a fact that is
confirmed by the occurrence of mixed clusters in the dendrogram
based on all significant PCs (Fig. S1). By contrast, era 3 lines form
three distinct, perpendicular clusters (Fig. 1A) that separate known
members of the three heterotic groups (i.e., SS, NSS, and IDT).
Era 2 linesmostly group closer to the origin, with exception of three
genotypes at the apices of the heterotic clusters (14) that represent
three historically important breeding lines for elite germplasm (2)
(Fig. 1A). A similar pattern is observed for PCs 4–6 (Fig. S2) where
four important lines mark the separation of clusters within the SS
and NSS heterotic groups. Together, these results point to an in-
crease in genetic structure over time and to a dominant role of a
limited number of lines to the ancestry of the commercial inbreds
in era 3.
Differentiation within the four eras, as measured by divergence

of genetic groups from inferred ancestral allele frequencies (19),
indeed increases steadily with time from 0.06 in era 0 to 0.38 in era
3 (Fig. 2A). Small divergent groups are present within eras 0 and 1,
but only the last two eras show high divergence of major groups
(Fig. S3). Within era 3, high levels of differentiation of the SS and
IDT groups (0.27 and 0.23, respectively, compared with 0.07 for
the NSS group) indicate that differentiation among heterotic
groups is an important component of current-day population
structure. Differentiation among the four eras as such is modest,
however, with overall allele frequency divergence ranging from
0.01 for era 0 to 0.07 for era 3. This means that allele frequencies
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have remained relatively constant in North American breeding
material as a whole, but have diverged strongly between breeding
pools within the most recent eras.
The historical increase in within-era differentiation is associ-

ated with clear shifts in direct ancestry, which we define on the
basis of haplotype sharing with lines from the same era and before
(Methods). Direct ancestry from earlier (public) lines, although
still common in eras 1 and 2, is rare in era 3, in whichmost ancestry
is traced to other (proprietary) era 3 lines (Fig. 2B). Similarly,
direct era 0 ancestry decreases sharply with time, being almost
absent in era 3. Parallel to the increasing differentiation among
heterotic groups, there is sharp decline in shared direct ancestral
contributions, culminating in a virtual absence of interheterotic
ancestry in era 3 (Fig. S4). In fact, ancestry of the three groups in
era 3 is marked by large contributions from the same three era 2
lines identified by PCA (Fig. 1 and Fig. S2) whose cumulative
proportion, estimated on the basis of ancestry from eras 0–2 (i.e.,
public ancestry), is as high as 0.32, 0.18, and 0.47 for SS, NSS, and
IDT, respectively, confirming their historical importance.
The ancestral composition of the different heterotic groups

thus seems to have narrowed over time. This is confirmed by
a decrease in genetic diversity in the background of individual
lines, measured by pairwise genetic differences between ances-
tral contributors (Fig. 2C) and by the effective number of con-
tributing lines (Fig. 2D). In addition, linkage disequilibrium and
shared haplotype length increase substantially from era 0 to era 3
(Fig. S5), suggesting that the genomes of era 3 lines consist of
much larger haplotype blocks than those of earlier lines.
The recent separation of the three heterotic groups, combined

with the low differentiation in era 0 confirm recent claims (4) that
heterotic groups are the product of modern breeding rather than
of historical divergence among era 0 landrace founders, as pre-
viously thought. However, we nonetheless find that differentiation
among era 0 landraces makes a small but detectable contribution
to the distinction between heterotic groups. Despite weak pop-
ulation structure, five well-defined era 0 variety types are distin-
guished by PCA-based clustering (Fig. 1B and Dataset S1), two of
which, Yellow Dent and Lancaster, are traditionally thought to

form the basis of theSS/NSSheterotic distinction (4, 20).Although
a genomic assignment test of era 3 lines identifies Yellow Dent as
the main ancestral contributor to all three heterotic groups, no-
table differences in contribution of Yellow Dent and Lancaster to
SS and NSS (Fig. 2E) lend some justification to the traditional
distinction between these two heterotic groups on the basis of their
landrace ancestry.

Evidence for Directional Selection. The systematic allele frequency
differences implied by the pronounced population structure in
our sample presents a challenge to the detection of selected loci.
We therefore implement a recent Bayesian method (21) to de-
tect allele frequency correlations with time, while taking explicit
account of genetic structure. We define the four breeding eras as
different levels of an ordinal variable and test for consistent
frequency changes at each individual SNP, using a genome-wide
genetic covariance matrix to correct for genetic structure.
We identify 236 candidate regions with maximum Bayes factors

(Bf) ranging from21 to 5,586 and amedianwidth offive SNPsor 93
kb (Fig. 3). Candidate SNPs generally exhibit strong directional
shifts in frequency without reaching fixation (Fig. S6). Overall,
only 5% of SNPs consistently have a Bf > 1 and thus show some
evidence of directional selection. A total of 1,021 genes overlap
with candidate regions, 715 of which have known orthologs. No-
table candidate genes with clearly defined putative functions
(Dataset S2) include those involved in shade and stress response,
lignin biosynthesis, and auxin response and synthesis. One of the
top candidates (GRMZM2G113583, Bf 548), is similar to organ-
size controlling genes (ARGOS) that have been patented for in-
creasing biomass and yield inmaize (US patent 7834240); a second
candidate (GRMZM2G463904, Bf 28) is orthologous to ERECTA
genes patented for similar purposes (US patent 7847158). Several
other genes for auxin responsive growth and stress response are
also among our candidates (Dataset S2).

Limited Genomic Effects of Selection. Selection on rare favorable
alleles can leave marked genomic signatures, as neighboring
SNPs are swept to high frequencies (e.g., ref. 22). If such sweeps

Fig. 1. (A) Genetic structure described by the first three genetic PCs obtained from PCA on the whole sample. Era 0 landraces are shown in yellow; remaining
colors indicate heterotic groups (red, SS; green, IDT; blue, NSS) with darker tones representing later eras (e.g., light red, era 1; red, era 2; dark red, era 3).
Colored labels indicate the position of the three historically important era 2 lines within each heterotic group. (B) First three genetic PCs obtained from PCA
on Corn Belt Dent landraces; different genetic groups are shown in different colors (green, Yellow Dents; red, Lancaster; blue, Midland; yellow, Minnesota 13;
purple, Southern Dents).
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are common, we expect candidate sites in era 3 to display ex-
tended shared haplotypes, reduced haplotype diversity, and local
distortions of ancestry caused by the frequency increase of the
selected haplotype. We define ancestral haplotypes by stretches
of shared identity with specific era 0 or 1 haplotypes, which we
call basal ancestry. We evaluate basal ancestry patterns by
quantifying the distortion of local ancestry relative to genome-
wide ancestry, as summarized by PCA, and by quantifying the
diversity of ancestral haplotypes across the genome (Methods).
Selection seems to have had little effect on genome-wide an-

cestry patterns. Contrary to what is expected for selective sweeps,
we do not observe extended haplotypes (Fig. S5), distorted basal
ancestry, or a substantial reduction in ancestral haplotype diversity
(Fig. 3) associated with selection candidates. Distortion of basal
ancestry fluctuates across the genome (Fig. 3) but is not increased
at candidate SNPs (Kruskal–Wallis test, P < 0.53). A positive
correlation (r = 0.51) between ancestry distortion and ancestral
haplotype diversity furthermore shows that distortion associates
with higher rather than lower ancestral diversity and is not caused

by strong frequency shifts of individual haplotypes. Reduction in
haplotype diversity at selected sites is only 5% (5.9 vs. 6.2,P= 0.006,
Kruskal–Wallis test) and in instances where low diversity does co-
incide with candidate SNPs (Fig. 3, black circles), putative donors
of the favored alleles are lines that are common in each heterotic
group, rather than rare ancestral contributors as expected under
a selected sweep (Dataset S3).
Although we find no evidence for selective fixation of ancestral

haplotypes at individual candidate loci, selection by breeders
may still have affected the genome by favoring era 1 lines with
superior multilocus genotypes. In this case, we would expect to
observe era 1 lines with disproportionate ancestral contributions
to favorable alleles in era 3 or, if multilocus genotype were
a main determinant of a line’s success, find enrichment for fa-
vorable alleles in lines that contributed most to era 3 ancestry.
Neither effect is observed in our data however (Fig. 4), although
some lines that are known to have been popular with breeders in
the past (2) show significant enrichment for favorable alleles.
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Fig. 2. Historical developments in genetic differentiation and ancestry. (A) Mean differentiation among genetic groups in eras 0–3. (B) Changes in ancestral
composition from era 1–3 (colors as in Fig. 1A, with era 0 in yellow and tones from light to dark for eras 1–3). (C) Average number of differences between
ancestral haplotypes within individual inbred lines. (D) Weighted average of the effective number of direct ancestors contributing to individual inbred lines.
(E) Differential assignment of era 3 heterotic groups to different era 0 landraces.
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Discussion
The genomics of breeding history is of great importance to un-
derstanding the genetic basis of crop improvement and is in-
strumental to the identification of molecular targets of artificial
selection. The current state of marker technology has granted us
an unprecedented look across eight decades of breeding and
selection, providing insight into historical developments in di-
versity, ancestry, and the effects of selection across the genome.
The transition from open-pollinated varieties to inbred lines

and the emergence of heterotic groups have caused profound
changes in population structure, linkage disequilibrium, and an-
cestry patterns. Differentiation in the first two eras, although sig-
nificant, is weak and our results support pedigree analyses (4) that
suggest current population structure is mainly due to recent di-
vergence of breeding pools rather than to different landrace ori-
gins. The strong differentiation observed in themodern era 3 lines
is likely the result of the use of smaller numbers of more closely
related breeding lines and limited genetic exchange among het-
erotic groups in the last two eras. Nonetheless, differential land-
race ancestry remains detectable in elite material, providing some
justification for the use of the traditional designations Reid
(YellowDent) and Lancaster for the SS andNSS heterotic groups.

Compared with the dramatic shifts in ancestry, directional
selection has had limited effect on the genome, with only 5% of
SNPs showing some evidence of consistent selection. Candidate
sites, apart from a slight reduction in ancestral diversity, do not
deviate meaningfully from genome-wide patterns of haplotype
length and ancestry. A potential caveat regarding this observa-
tion is that our selection scan is most sensitive to cumulative
changes in allele frequency, possibly missing alleles fixed in the
early stages of maize breeding. To account for this potential bias,
we measured ancestry distortion and haplotype diversity at the
236 SNPs with highest frequency differentiation between eras
0 and 3, finding similar results as for our candidate SNPs (i.e., no
increase in distortion and only 12% diversity reduction). Our
results are also consistent with a recent resequencing study
showing modest genome-wide effects of recent selection in a
limited but geographically diverse sample of maize accessions
(23). Nonetheless, a considerable number of candidate regions
are identified across the genome, containing many genes af-
fecting processes of agronomic relevance such as lignin synthesis
(24) and response to auxin (25) and stress (1). It must also be
noted that we have mapped selection associated with breeding
progress per se, and that further analyses may detect selective
changes specific to individual heterotic groups.

Fig. 3. Evidence for directional selection (Top), basal ancestry distortion (Middle), and ancestral haplotype diversity (Bottom) across the genome. Colors
indicate the separate chromosomes with red vertical lines marking the centromeres. Green dashed horizontal line marks the 99th percentile of Bayes factors;
purple dashed horizontal lines indicate median values of ancestry distortion and effective number of basal ancestors. Black vertical ticks mark selected
features. Gray dots mark candidate SNPs. Black circles mark candidates that coincide with sites of low ancestral diversity.

van Heerwaarden et al. PNAS | July 31, 2012 | vol. 109 | no. 31 | 12423

A
G
RI
CU

LT
U
RA

L
SC

IE
N
CE

S



The genomic signature of selection is informative of the ge-
netic architecture of breeding progress. Two issues of obvious
interest are the selective importance of rare alleles of large effect
and the contribution of dominant ancestors with superior mul-
tilocus genotypes. The infrequent occurrence of rare ancestral
contributors and absence of extended haplotypes at candidate
loci favor a model of selection on common variants rather than
one of strong selective sweeps (26, 27), and we find no evidence
of the long-term success of specific lines being determined by
their multilocus genotype. This being said, the exceptionally fa-
vorable genotypes observed for some era 1 inbreds suggests that
selection of outstanding lines may have occurred, albeit with
limited effect on future genomic composition.
In all, our results suggest that genetic gain achieved by plant

breeding has been a complex process, involving a steady accu-
mulation of changes at multiple loci (28), combined with heter-
osis due to differentiation of breeding pools (29). We thereby
support the notion that selected traits of agronomic importance
are predominantly quantitative in nature (30), with relatively few
dominant contributions from individual alleles or lines. It will
therefore be interesting to see whether our candidates prove
useful in defining improved multilocus targets for genomic se-
lection. Although challenging, the application of historical geno-
mics to crop improvement is a tantalizing prospect that we hope
breeders will soon put to the test.

Methods
Samples and Genotyping. We obtained a total of 400 accessions from US
Department of Agriculture (USDA)’s National Plant Germplasm System and
collaborators. Lines were chosen by a combination of literature research,
consultation with plant breeders, and by querying the stock database hosted
at maizegdb.org for accessions with a large number of references. Ap-
proximate ages of the selected lines were similarly obtained from the lit-
erature and germplasm databases. Accessions were divided into 99 classic
North American landraces (era 0), 94 early inbreds from before the 1950s
(era 1), 70 advanced public lines from the 1960s and 70s (era 2), and 137 elite
commercial lines from the 1980s and 90s (era 3) that are no longer under
plant variety protection (ex-PVP).

For each accession, DNA was extracted by a standard cetyltrimethyl am-
monium bromide (CTAB) protocol (31) for genotyping on the Illumina
MaizeSNP50 Genotyping BeadChip platform using the clustering algorithm
of the GenomeStudio Genotyping Module v1.0 (Illumina). Of the total of
56,110 markers contained on the chip, 45,997 polymorphic SNPs were gen-
otyped successfully with less than 10% missing data for use in subsequent
analysis. SNPs were of diverse origins and discovery schemes. We evaluated
the effects of ascertainment by comparing results for 33,575 SNPs derived
from more diverse discovery panels to 12,422 SNPs that were discovered
between the advanced public lines B73 and Mo17. Effects on differentiation
and selection inference were found to be statistically significant but modest
(SI Text).

Diversity, Linkage, and Ancestry Analysis. Diversity analyses followed (32, 33).
Briefly, PCA was performed on normalized genotype matrices and the
number of significant eigenvalues determined by comparison with a Tracy–
Widom (TW) distribution (18). Genotypes were assigned to k groups by Ward
clustering on the Euclidean distance calculated from the k −1 significant PCs.
PCA-based clustering into groups was done separately for each era. To im-
prove clustering within era 0, Corn Belt Dents were analyzed separately from
Northern Flints and a divergent group containing a popcorn and a Cherokee
Flower Corn (referred to here as popcorn). Genetic differentiation within
each era was measured as the weighted mean of Nicholson’s population-
specific differentiation parameter C (19), a measure of allele frequency di-
vergence from an estimated base population frequency, calculated for each
genetic group using the popdiv function of the R (34) package popgen.

For linkage and ancestry analysis, era 0 genotypes were converted to phased
haplotypes using the program fastPHASE (35). To correct for background
linkage caused by genetic differentiation, linkage disequilibrium (LD) between
SNPs was calculated as the squared correlation (r2) between inverse logit-
transformed residuals of a multiple logistic regression on each SNP, using the
first six genetic PCs as covariates to correct for population structure. LD decay
was described by nonlinear regression as in ref. 36. Mean haplotype length was
calculated at 1,000 random positions across the genome and compared with
the expected length obtained by randomizing SNPs within each genetic group
around the same positions. Linkage disequilibrium between closely spaced SNPs
was accounted for by randomizing blocks of SNPs separated by more than 4 kb.

We estimated direct genomic ancestry by shared haplotype analysis. For
each line, the longest shared haplotype with lines from the same era or older
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was iteratively determined until the whole genome was assigned a closest
relative. Identity was assumed for sites thatwere heterozygous or hadmissing
data, both of which occurred infrequently in the data. Basal and public
ancestries were calculated using the same procedure, but restricting possible
ancestry to groups 0 and 1 or 0, 1, and 2, respectively.

Diversity of ancestral contributions to each line was summarized by the
effective number of ancestors (i.e., the inverse Simpson index) (37) as well as
the number of SNP differences (i.e., Manhattan distance) among contrib-
uting lines, weighted by the number of SNPs contributed by each ancestor.

We characterized genome-widepatterns of basal ancestry distortionby the
sum of squared differences between matrices of basal ancestry and genome-
wide ancestry compared by Procrustes analysis.We compared thematrix of PC
scores (PC1–6)belonging to the inferredbasal (era0or1)ancestors at eachSNP
to a reference matrix of equal dimensions obtained by taking the genome-
wide, per-line average of ancestral PC scores. Ancestral haplotype diversity
across the genome was calculated as the weighted per-heterotic group aver-
ageof the effective numberof basal ancestors. Toelucidate themost probable
landrace population of origin of the different genomic segments, we per-
formed a simple likelihood-based assignment test that assigned each basal
ancestry segment to the most likely landrace population of origin (38) based
on the observed frequencies in each population.

Selection. We performed a genome-wide scan for evidence of positive se-
lection across the four sampled eras using a Bayesian method developed for
environmental association analysis (21). By defining time as an ordinal en-
vironmental variable, this method gives a posterior probability that the
frequency of a SNP correlates with time. The calculation of a Bf for selection
takes explicit account of population structure by comparing allele frequency
differences to those expected on the basis of a genome-wide genetic co-
variance matrix. To this end we defined populations on the basis of PCA,
where genetic groups were split according to era. The genetic covariance
matrix was estimated using 5,000 randomly selected SNPs. For each SNP, we
performed five replicates of 30,000 iterations and considered SNPs within
the 99th percentile of average Bf and consistently in the 95th percentile of
each replicate to be potentially under selection. SNPs with Bf > 1 in each

replicate were considered to show evidence of selection. We tested for
spatial dependence between putatively selected SNPs using spatial auto-
correlation analysis of Bf as a function of genomic distance using Moran’s I
statistic. Because of autocorrelation of Bf across the genome (Fig. S5), we
grouped adjacent SNPs with Bf above the median that contained at least
one potentially selected site into independent candidate regions. Within
each region, the SNP with the maximum Bf was considered a candidate SNP
in further analyses. All genes from the high-quality filtered gene set (based
on the maize reference genome release 5b.60) contained within these
regions were considered selection candidates. Functional description of
candidate genes was performed by searching for orthologous sequences in
other species as defined at maizesequence.org.

At every SNP, we defined the modern allele as the most common allele in
era 3, which for candidate SNPs was assumed to be the allele favored by
selection (i.e., favorable allele). For each era 1 line, we then calculated en-
richment for favorable alleles as the log probability ratio (LPR) log10(p0/ p1),
where p1 is the probability of containing the observed number x of favor-
able alleles among n candidate SNPs, and p0 is the probability of finding x
modern alleles among n randomly selected control SNPs, averaged over
1,000 replicates. Probabilities were calculated using the normal approxi-
mation x ≈Nðnp; Ppð1−pÞÞ, where p is the frequency of a modern allele in
era 1. Control SNPs were sampled from a subset of SNPs with similar genetic
differentiation among eras 1 and 3 to minimize biases in the calling of
modern alleles between candidate and noncandidate SNPs. The relation
between overrepresentation of favorable alleles and proportion of ancestry
in era 3 lines was tested by linear regression.
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SI Text
SNP data are subject to bias in the allele frequency spectrum due
to marker discovery in small and/or unrepresentative sets of in-
dividuals. When severe, such bias may affect inference of genetic
differentiation and selection. SNPs on the Illumina genotyping
array were provided by a number of contributors using a variety
of ascertainment schemes. We obtained a measure of the se-
verity of ascertainment bias by comparing results for 33,575
reference SNPs of varying origin to those for 12,422 SNPs that
were known to have been exclusively ascertained as polymorphic
between the legacy inbred lines B73 and Mo17.
We evaluated the effects on genetic differentiation by com-

paring correlations of the Euclidean distance along the first six
genetic principal components (PCs) between B73/Mo17 SNPs
and the reference set of SNPs. Correlation between principal

component analysis (PCA) distances calculated on B73/Mo17
SNPs and random draws of 12,422 reference SNPs were 0.96
compared with 0.99 for the average correlation between two
random draws from the reference SNP set. Although significant
(P < 0.01, based on 100 random samples), the effect of ascer-
tainment on inferred patterns of differentiation thus appears to
be relatively weak.
Of our 236 candidate SNPs, 34.7% were B73/Mo17 markers.

This represents a small but significant (binomial test P = 0.01)
enrichment over the expected 27%. This overrepresentation may
be due to the slightly higher (0.38 vs. 0.35, Wilcoxon two-sample
test: P < 0.0001) expected heterozygosity for B73/Mo17 SNPs,
because it is easier to detect frequency shifts in markers at in-
termediate frequencies than in markers close to fixation.
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Fig. S4. Barplot of the fraction of ancestry of different lines in the different eras (orange, era 1; red, era 2; brown, era 3). Label colors indicate heterotic
groups (red, SS; blue, NSS; green, IDT).

van Heerwaarden et al. www.pnas.org/cgi/content/short/1209275109 5 of 6

www.pnas.org/cgi/content/short/1209275109


Fig. S5. Patterns of linked variation. Left: Linkage disequilibrium (r2) as a function of physical distance in eras 0–3 (era 0, yellow; 1, orange; 2, red; 3, brown).
Center: Ratio of mean observed haplotype length to that measured using randomized SNPs. The genome as a whole is indicated in red and selected regions in
yellow. The mean haplotype length in SNPs of each category is shown above the bar; error bars represent one SD. Right: Spatial autocorrelation analysis
(Moran’s I) of evidence of selection (Bayes factor) across the genome.
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Fig. S6. Frequency change of the top 20 candidate SNPs (colored lines) across the four eras. Gray lines represent 20 random SNPs with similar frequencies
in era 0.
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