Identifying genes of agronomic importance in maize
by screening microsatellites for evidence of
selection during domestication
Y. Vigouroux*, M. McMullen†, C. T. Hittinger*, K. Houchins†, L. Schulz‡, S. Kresovich§, Y. Matsuoka*¶, and J. Doebley*储
*Laboratory of Genetics, University of Wisconsin, Madison, WI 53706; †United States Department of Agriculture–Agricultural Research Service, Plant
Genetics Research Unit and Plant Sciences Unit, University of Missouri, Columbia, MS 65211; ‡Maize Mapping Project, University of Missouri, Columbia, MS
65211; and §Institute for Genomic Diversity, Cornell University, Ithaca, NY 14853
Communicated by Steven D. Tanksley, Cornell University, Ithaca, NY, May 29, 2002 (received for review April 3, 2002)

Crop species experienced strong selective pressure directed at
genes controlling traits of agronomic importance during their
domestication and subsequent episodes of selective breeding.
Consequently, these genes are expected to exhibit the signature of
selection. We screened 501 maize genes for the signature of
selection using microsatellites or simple sequence repeats (SSRs).
We applied the Ewens–Watterson test, which can reveal deviations
from a neutral-equilibrium model, as well as two nonequilibrium
tests that incorporate the domestication bottleneck. We investigated two classes of SSRs: those known to be polymorphic in maize
(Class I) and those previously classified as monomorphic in maize
(Class II). Fifteen SSRs exhibited some evidence for selection in
maize and 10 showed evidence under stringent criteria. The genes
containing nonneutral SSRs are candidates for agronomically important genes. Because demographic factors can bias our tests,
further independent tests of these candidates are necessary. We
applied such an additional test to one candidate, which encodes a
MADS box transcriptional regulator, and confirmed that this gene
experienced a selective sweep during maize domestication.
Genomic scans for the signature of selection offer a means of
identifying new genes of agronomic importance even when gene
function and the phenotype of interest are unknown.

O

ver the past decade, there has been a growing interest in
using evolutionary analyses to identify genes that control
phenotypes of biological, agronomic, or medical importance.
Crop plants offer a special opportunity to identify such genes
because they have been through recent and strong selective
sweeps targeted at phenotypes that improve agronomic performance, palatability, or nutritional quality. These selective sweeps
can dramatically reduce genetic diversity in the target genes or
genomic regions, whereas unselected genes retain levels of
diversity nearly comparable to those found in the progenitor
species. Thus, by scanning crop genomes for genes or genomic
regions that show the signature of selection, one can identify
candidates for genes that control phenotypes of agronomic
importance.
There are potential complications with this strategy. First,
when a gene is under selection, there can be a significant loss of
diversity not only in the target gene but also in linked genes
because of the ‘‘hitchhiking’’ effect (1). The severity of this effect
will depend on multiple factors including the strength of selection, recombination rates, breeding system, and population sizes.
Ideal crops for this approach would be those with high recombination rates, a large population size, outcrossing breeding
systems, and histories that involved a gradual rise in the frequencies of favorable alleles. Second, the population bottleneck
associated with domestication will also cause a genome-wide loss
of diversity that could be misidentified as the signature of
selection. However, this effect can be compensated for by the use
of models that incorporate the domestication bottleneck and
enable one to define the threshold above which the loss of
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diversity is too great to be solely the effect of this demographic
event.
Among crops, maize (Zea mays L. ssp. mays) seems a promising one for genomic scans for genes that exhibit the signature
of past selection. Maize exhibits high levels of recombination (2)
and correspondingly low levels of linkage disequilibria (3, 4).
Maize is an outcrossing species, and historical population sizes
for maize were large (5). Thus, even if relatively strong selection
was placed upon a gene during maize domestication, there is a
reasonable expectation that neighboring genes will have retained
near normal levels of diversity (6). This circumstance reduces the
possibility of observing false positives, i.e., unselected genes that
have low diversity because of the hitchhiking effect. Also for
maize, the domestication bottleneck had a relatively modest
effect, so unselected genes retain high diversity and can be
readily distinguished from those affected by selection (7, 8).
Here, we report the screening of 501 maize genes for the
signature of selection or nonneutral evolution using microsatellites or simple sequence repeats (SSRs). We apply a test for
deviation from neutral evolution under an equilibrium model as
well as two nonequilibrium tests that compensate for diversity
loss during the domestication bottleneck. We investigate two
classes of SSRs: Class I are those known to be polymorphic
among U.S. maize inbreds, and Class II are those for which
previous analyses found no variation in U.S. inbreds. Among our
sample of Class I SSRs, we found minimal evidence for past
selection; however, 10 Class II SSRs exhibited evidence of past
selection under stringent criteria. Our strategy could be extended to larger samples of SSRs, other genetic markers, and
cases where crops were adapted to new environments after
domestication.
Materials and Methods
Plant Materials. Plants were chosen to represent the diversity in
maize landraces and in two wild relatives of maize (teosintes), Z.
mays ssp. parviglumis and ssp. mexicana. The maize landraces
include 2 accessions from the U.S.-Canada, 16 from Mexico or
Guatemala, 2 from the Caribbean, and 30 from South America.
Z. mays ssp. parviglumis (27 accessions) is included because it has
been identified as the progenitor of maize (9). Z. mays ssp.
mexicana (23 accessions) is included because it is geographically
wide-spread in Mexico and frequently hybridizes with maize.
Thus, although it is not considered the progenitor of maize, it is
Abbreviations: SSR, simple sequence repeat; H, heterozygosity; MW, Mann–Whitney U test;
IAM, infinite allele model; SMM, stepwise mutation model; EST, expressed sequence tag;
QTL, quantitative trait locus; N, number of alleles; ⌬GD, relative loss in genetic diversity;
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Project had developed 1,772 scorable SSRs from expressed
sequence tags (ESTs), of which 1,053 were classified as polymorphic (our Class I) and 719 as monomorphic (our Class II)
among 11 U.S. maize inbreds (10). To determine whether the
Class II SSRs would be similarly monomorphic among a broader
sample of maize and teosinte, we screened 470 Class II SSRs
against six teosinte accessions and five maize landraces on
agarose gels (a list of the SSRs can be found in Table 4, which
is published as supporting information on the PNAS web site).
This analysis identified 75 Class II SSRs that were polymorphic
in teosinte, but monomorphic in our sample of 5 maize landraces
plus the 11 U.S. inbreds. We will refer to this subset of Class II
SSRs that was ‘‘enriched’’ for low diversity in maize relative to
ssp. parviglumis as Class IIE. Of these 75, 44 were screened
against a larger sample of 44 teosinte and 45 maize accessions
(one plant each) to obtain precise estimates of genetic diversity.
We also used 31 Class I SSRs for comparison, giving a total of
75 SSRs screened on the larger plant sample. A list of these 75
SSRs can be found in Table 5, which is published as supporting
information on the PNAS web site.

SSR Genotyping. SSRs were screened on either agarose gels or
automated DNA sequencers following published procedures
(10, 11) for DNA extractions, PCR, gel electrophoresis, and PCR
product-length determinations, with two modifications. First, all
SSRs were amplified without multiplexing. Second, some analyses were done on an ABI3100 rather than an ABI377.
Statistics. Genetic diversity or heterozygosity (H), the number of
alleles (N) and Fst were calculated by using the software program
FSTAT (12). To measure the relative loss of genetic diversity in
maize vs. teosinte, we have defined a parameter ⌬GD ⫽ 1 ⫺
(Hm兾Ht), where Hm and Ht are genetic diversity in maize and
teosinte, respectively. The relative loss of the number of alleles
is ⌬Allele ⫽ 1 ⫺ (Nm兾Nt), where Nm and Nt are the number of
alleles in maize and teosinte respectively. The Ewens–Watterson
test of neutrality was performed with the program ARLEQUIN
(13). To obtain sufficient precision with this test, the probability
was recorded as the mean of 20 independent repeats of 1,000
simulations. Mann–Whitney (MW) tests and Student’s t test were
performed by using SYSTAT (SPSS, Chicago).
Simulations. We asked the question, ‘‘Is diversity at an SSR lower

in maize than in teosinte as a result of human selection?’’
Addressing this question is complicated, because the domestication bottleneck has caused a general loss of diversity in maize.
Thus, tests for selection need to compensate for the general
bottleneck effect. To do this, we used coalescent simulations to
compare the genetic diversity (or divergence) at a locus with
what one would expect under a neutral model that incorporates
the domestication bottleneck. The details of this approach are
briefly summarized here.
Consider a model in which a crop and its progenitor have split
at some time in the past and have remained isolated since that
time (7). The wild progenitor population remains at equilibrium
from the divergence time to the present. The crop population
undergoes a bottleneck during the domestication period and
then expands to a large size. We simulated this scenario by using
a coalescent process (14). Sample sizes for maize and its progenitor in the simulations were equivalent to the actual sample
sizes for our SSR data. The bottleneck was taken into account
by rescaling the coalescent time by the ratio of the size of maize
Vigouroux et al.

Sequence Analysis. We measured nucleotide diversity in maize

and teosinte for the EST AI737167 in which our SSR of the same
name is located. Oligonucleotide primers (AGCAACGAAGATTTACGTGA and CGGAGCAGCTAGCTAATAGA)
were designed to PCR amplify a 600-bp portion of the gene for
16 maize, 15 ssp. parviglumis, and one Zea diploperennis sample
using High Fidelity PCR Supermix (Life Technologies, Grand
Island, NY) (GenBank accession nos. AY089919-AY089950).
The maize samples, which are all landraces, have been described
(4). Sources of the teosinte samples are described in the GenBank records. For teosinte, the PCR products were cloned, and
four to six clones were sequenced from each individual plant.
Two clones from a single plant that were identical in sequence
were considered to represent the sequence of one of the alleles
from that plant. Where a single clone had unique polymorphism(s), these were considered possible Taq polymerase errors,
and these sequences were excluded from the analysis. The
software program DNASP (19) was used to calculate , a measure
of nucleotide diversity and to perform Hudson–Kreitman–
Aguadé (HKA) tests (20). For the HKA test, we used adh1, adh2,
glb1, and te1 as neutral or control genes (7, 8, 18, 21).
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SSR Loci. At the time we initiated this study, the Maize Mapping

during the bottleneck divided by the size after expansion.
Mutation events were superimposed on the simulated genealogies following either the infinite allele model (IAM; ref. 15) or
stepwise model (SMM; ref. 16). These two models permit the
investigation of the extremes of the mutational process expected
for SSRs.
To implement the simulations, we must estimate the effective
population size of the wild progenitor, the effective population
size of maize during the bottleneck and after its expansion, the
time of divergence of maize and teosinte, and the duration of the
bottleneck. The time of divergence was set at 7,500 years (8). The
effective size for ssp. parviglumis was set to 40,000 (5). The
parameters—the duration of the bottleneck and the effective
sizes of maize during and after the bottleneck—are uncertain,
but these parameters are not independent of each other. Therefore, we developed a mathematical model for estimating these
parameters by extending Slatkin’s (17) model to the case of
maize domestication. Under our model, different durations of
the bottleneck—100, 200, 500, 1,000, and 2,500 years—yield
expected values for the effective population size of maize during
the bottleneck of 107, 220, 553, 1117, and 2875, respectively.
These values agree well with independent results from simulations (18).
By using these different parameters, including the five sets of
values for the size and duration of the bottleneck, we simulated
the expected level of genetic diversity in maize and ssp. parviglumis. Because the mutation rate is highly variable among loci
(5), each individual simulation was performed with a mutation
rate that was randomly selected to give a uniform distribution for
either heterozygosity or the number of alleles, depending on the
test performed (see below). Values for Fst, HM, genetic diversity
in ssp. parviglumis (HP), and the number of alleles were calculated from the results of 800,000 simulations.
Two different tests were used to identify SSRs that may have
been under selection. First, we compared the observed value of
Fst (a measure of genetic divergence) as a function of the total
number of alleles for our data with the 95% confidence limits
established by simulation. We will refer to this as the Fst test.
Second, we compared genetic diversity in maize vs. ssp. parviglumis for our observed data with the 95% confidence limits for
these parameters established by simulation. We will refer to this
as the Genetic Diversity (GD) test. The GD test asks whether
diversity in maize relative to teosinte is lower than expected
given our model for maize’s demographic history, and the Fst test
asks whether divergence between maize and teosinte is greater
than expected, given this model.
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a potential contributor to the maize gene pool via introgression.
Passport data for the plant materials are detailed in Table 3,
which is published as supporting information on the PNAS web
site, www.pnas.org.

Table 1. Diversity and relative diversity loss between teosinte
and maize
Teosinte
Number of alleles
Class I
Class IIE
Genetic diversity
Class I
Class IIE

Maize landraces

7.0 (⫾0.55)
5.6 (⫾0.43)

5.5 (⫾0.45)
3.4 (⫾0.25)

0.60 (⫾0.038)
0.54 (⫾0.034)

0.51 (⫾0.036)
0.21 (⫾0.029)

Diversity loss
⌬Allele
0.19 (⫾0.053)
0.32 (⫾0.037)
⌬GD
0.11 (⫾0.063)
0.62 (⫾0.042)

Average number of alleles and genetic diversity in teosinte and maize, and
the relative loss of alleles (⌬Allele) and genetic diversity (⌬GD) are shown with
the standard errors.

Results
SSR Screening. As shown below from our simulations, SSRs with

values of H less than 0.40 in ssp. parviglumis can become
monomorphic in maize from the bottleneck alone. This class of
SSRs is not optimal for identifying nonneutral SSRs. To identify
SSRs with low diversity in ssp. parviglumis rapidly and exclude
these loci from the more exhaustive assays on automated DNA
sequencers, we screened the 470 Class II SSRs on a sample of six
ssp. parviglumis plants on agarose gels. With this small sample,
there is a 95% chance of detecting some polymorphism (⬎1
allele) if H in ssp. parviglumis is ⱖ0.34, assuming Hardy–
Weinberg conditions. Similarly, we can identify and exclude
from the exhaustive assays Class II SSRs that have low diversity
in U.S. inbreds but higher diversity in landraces by sampling five
landrace plants. Only Class II SSRs that exhibited polymorphism
in ssp. parviglumis but not in either U.S. inbreds or landrace
plants in this initial screen were selected for intensive study.
In this initial screen, 321 of the 470 Class II SSRs (68%) were
monomorphic among the six ssp. parviglumis and five maize
landrace plant samples just as they were in the 11 U.S. inbreds.
These SSRs are either monomorphic or have values of H ⬍ 0.4
in maize and ssp. parviglumis. Sixty of the 470 Class II SSRs
(13%) were variable among both our six ssp. parviglumis plants
and our five maize landrace plants. These SSRs are likely to have
lower diversity in U.S. inbreds than maize overall, in which case,
they are not good candidates for SSRs that were under selection
during domestication. Fourteen of the 470 SSRs (3%) were
variable in landrace maize but not in ssp. parviglumis and, again,
are not good candidates for selected genes, because our small
sample suggests maize is at least as diverse as ssp. parviglumis.
The final group, 75 of the 470 SSRs (16%), were variable among
our 6 ssp. parviglumis plants but monomorphic among the 5
landrace plants and 11 U.S. inbred lines. We term these Class IIE
because they are ‘‘enriched’’ for low diversity in maize relative to
ssp. parviglumis. Class IIE are the best candidates for SSRs that
were under selection during maize domestication or early improvement. We chose 44 of them for further analysis.

Diversity. Diversity statistics were determined for 44 Class IIE
SSRs with samples of 44 teosinte and 45 maize plants (Table 1).
We included 31 Class I SSRs, because a comparison of the classes
provides a measure of the effectiveness of our criteria for
identifying putatively selected SSRs. For our sample of 45 maize
landrace plants, Class IIE SSRs have a lower number of alleles
per locus than the Class I SSRs (MW test, P ⬍ 0.001) and a far
lower genetic diversity (MW test, P ⬍ 0.001). For our sample of
44 teosinte plants, Class IIE SSRs have a lower number of alleles
per locus than Class I SSRs (MW test, P ⬍ 0.02) and a lower but
not significantly lower genetic diversity (MW test, P ⬍ 0.19).
Both classes of SSRs show a loss of diversity in maize as
compared with teosinte; however, this loss is significantly greater
for Class IIE SSRs whether measured as ⌬Allele (MW test, P ⬍
9652 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.112324299

Fig. 1. Graphical representation of the Ewens–Watterson test of neutrality
for maize showing heterozygosity vs. the number of alleles. The median (gray
line) and 2.5 to 97.5% confidence intervals (black lines) are shown.

0.01) or ⌬GD (MW test, P ⬍ 0.001). The mean Fst value between
maize and teosinte is 0.16 for Class IIE SSRs, as compared with
0.07 for Class I. The mean Fst value is significantly higher for
Class IIE (MW test, P ⬍ 0.001). These statistics show that Class
IIE SSRs are less diverse than Class I as expected, because we
biased our sampling in favor of low diversity for Class IIE. But
the statistics also show a greater relative loss of diversity for Class
IIE than for Class I, as expected if, as a group, they have
experienced selection. Also, consistent with a role for selection,
Class I and IIE are less differentiated in teosinte than they are
in maize. Overall, these statistics indicate that our screen effectively identified good candidates for targets of selection.
Selection. The Ewens–Watterson test enables one to detect

deviations from a neutral-equilibrium model as either a deficit
of genetic diversity relative to the number of alleles at a locus
(below the curve in Fig. 1) or an excess of genetic diversity (above
the curve in Fig. 1; ref. 22). We applied this test to all of the Class
I SSRs and 39 of the 44 Class IIE SSRs. (Five Class IIE SSRs
could not be tested because they are invariant in maize.) None
of the 31 Class I SSRs exhibits a significant Ewens–Watterson
test in maize, and only one does so in teosinte (Table 2). Two of
the 39 Class IIE SSRs exhibit an excess in genetic diversity
relative to the number of alleles in teosinte, a result compatible
with balancing or diversifying selection. Seven Class IIE loci
exhibit a significant (P ⬎ 0.975) deficit of heterozygosity relative
to the number of alleles in maize (Table 2), a pattern consistent
with positive selection. It also could be the result of a neutral
demographic scenario like a bottleneck followed by population
growth; however, in that case, one would expect all SSRs to be
affected equally, and none of the 31 Class I SSRs exhibit a
significant test in maize.
If an overall neutral pattern is observed for a set of loci, one
expects the average of the P values from the Ewens–Watterson
tests to be close to 0.5, with the values for the individual SSRs
evenly distributed around the median. The 31 Class I SSRs show
an average P value equivalent to 0.5 in maize and in teosinte (t ⫽
0.69, P ⬎ 0.50 and t ⫽ ⫺0.40, P ⬎ 0.69, respectively). The 44
Class IIE SSRs show an average P value equivalent to 0.5 in
Vigouroux et al.

Table 2. Results of the tests of selection and EST homology
GD test MZ vs. PV

Fst test MZ vs. PV

Ewens–Watterson test
Maize

SMM

IAM

SMM

IAM

PH
IAM

PE
IAM

PH
IAM

PE
IAM

EST homology*

AGRICULTURAL

Model

Teosinte

Probabilities for the genetic diversity test (two-tailed) or for the Fst test (one-tailed) are presented for the infinite allele (IAM) and stepwise mutation (SMM)
models. The probabilities for the Ewens–Watterson test were calculated based on homozygosity (PH) or Fisher’s exact test (PE). The Ewens–Watterson test can
not be performed on loci that are invariant in a sample as indicated by a dash (–). P values are unshaded (nearly significant), light gray (significant), medium gray
(highly significant) or black (Bonferroni corrected).
*From www.zmdb.iastate.edu.

teosinte (t ⫽ ⫺0.50, P ⬎ 0.62), but a value (0.76) that is
significantly larger than 0.5 in maize (t ⫽ 7.4, P ⬍ 0.001). The
observation that the 44 Class IIE SSRs have an average P value
greater than 0.5, whereas the Class I SSRs do not, suggests that
selection has affected genetic diversity at Class IIE SSRs.
Despite this promising result, a more judicious test of selection
would be one that incorporates the domestication bottleneck,
such as our Fst and GD tests.
The Fst test asks if the degree of differentiation at an SSR
conditioned on the number of alleles exceeds neutral expectations (23, 24) after compensating for the domestication bottleneck. In this test, the two mutation models (IAM and SMM) give
similar results, except when the number of alleles is greater than
four, in which case, the stepwise mutation model is characterized
by a lower median value of Fst and a narrower confidence
interval (Fig. 2). Results of the Fst test indicate that Class IIE
SSRs show more frequent deviations from neutrality than do the
Class I SSRs (Fig. 2; Table 2). Under the SMM, there are six
significant tests for Class IIE SSRs but only one for Class I SSRs.
Under the IAM, there are three significant tests for Class IIE
SSRs but none for Class I SSRs. The GD test asks if the relative
loss of genetic diversity is greater than expected after compensating for the domestication bottleneck. One important result of
the simulations is that when H is low in ssp. parviglumis (⬍0.4),
then the effects of the bottleneck alone can drive H in maize to
0.0 (Fig. 3). Results with the two models of mutation are roughly
equivalent, except when H for ssp. parviglumis exceeds 0.70, in
which case the SMM shows a narrower 95% confidence limit.
Results of the GD tests indicate that Class IIE SSRs show more
frequent deviations from neutrality than do the Class I SSRs
with five significant tests for Class IIE SSRs but only one for
Class I SSRs (Fig. 3; Table 2).
Vigouroux et al.

There are a total of 15 SSRs with some evidence for selection
in maize, including 13 of the 44 Class IIE SSRs and 2 of the 31
Class I SSRs (Table 2). The degree of support for nonneutral
evolution in maize is not equivalent among these 15 SSRs. Only
5 SSRs (all of which are Class IIE) are supported as nonneutral
under two different types of tests. An additional 5 SSRs (all Class
IIE) are supported as nonneutral for a single test after application of a Bonferroni correction (Table 2). Collectively, these 10
SSRs are the best candidates for loci under selection during
maize domestication and improvement.

Fig. 2. Plot of Fst vs. the number of alleles. The 50 and 95% percentile curves
of the expected Fst value from the coalescent simulations for both the SMM
and IAM models are shown.
PNAS 兩 July 23, 2002 兩 vol. 99 兩 no. 15 兩 9653
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Fig. 3. Plot of the observed genetic diversity (H) in ssp. parviglumis and
maize. The lines are the simulation-based 50% and 2.5 and 97.5% percentile
curves of the expected genetic diversity in maize given the observed genetic
diversity in ssp. parviglumis for the SMM and IAM models.

Candidates. Because nearly all of the SSRs are from ESTs, these

ESTs can be considered candidates for genes under selection
during maize domestication and improvement when the SSR
shows a deviation from neutrality. Knowing the functions and
map locations of these genes will be useful for associating them
with quantitative trait loci (QTL) for traits that were under
selection during maize domestication and improvement. Among
the 15 loci with some evidence for selection in maize, 6 show
homology to known genes (Table 2). We also placed 26 of the 44
Class IIE SSRs on the maize genetic map by using maize ⫻
teosinte mapping populations (see Table 6, which is published as
supporting information on the PNAS web site). Several interesting associations are apparent and worthy of further investigation. First, the MADS gene (AI737167) maps on the short arm
of chromosome 1 near a QTL for differences in ear structure
between maize and teosinte (25). Second, although of unknown
function, AI746046 is expressed in endosperm and maps to
chromosome 3 near the largest of the seed weight QTL that
distinguish maize and teosinte (26). Third, five of the 13 putatively selected Class IIE SSRs map to chromosome 1, which also
contains the largest number of QTL associated with maize
domestication (25).

Candidate Testing. Using SSRs in genomic scans for nonneutral

evolution in maize provides a list of candidates for selected
genes. We examined one of these candidates (MADS gene;
AI737167) in greater detail by DNA sequence analysis, because
it maps near a domestication QTL. AI737167 shows the strong
signature of positive selection at the nucleotide level. First, the
only sequence variation among the 16 maize landrace samples
was a single deletion in one sample. For the 16 sequences, 兾bp ⫽
0.0, whereas neutrally evolving maize genes typically have values
of ⬇0.012 for 兾bp (4, 8). Second, teosinte possesses normal
levels of diversity for AI737167 ( ⫽ 0.011), indicating that low
diversity is not simply a feature of this gene. Third, HKA tests
with each of four neutral genes (adh1, adh2, glb1, and te1) are all
significant (P ⬍ 0.05), and the overall P value is highly significant
(2 ⫽ 39.41; P ⫽ 4.1 ⫻ 10⫺6), indicating that the ratio of
polymorphism within maize to divergence from an outgroup at
AI737167 is lower than that ratio for a neutral gene as expected
under a recent selective sweep.
Discussion
We have investigated diversity at maize SSRs with the intention
of identifying SSRs that show evidence of selection during maize
domestication or improvement. Because the SSRs we have
9654 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.112324299

examined come almost exclusively from ESTs, they serve as
reporters for selection on the genes (ESTs) themselves. Genes
that were selected by maize cultivators are those that would have
improved the agronomic performance, palatability, or nutritional quality of maize. If these genes were important in the past
improvement of maize, their continued manipulation might
contribute to future gain. If, in the past, these selected genes
suffered a loss of diversity because of selection, then they are
prime candidates for introgressive breeding from wild relatives
to increase the pool of diversity with which modern breeders can
work (27).
We distinguished two classes of SSRs within ESTs: those
known to be polymorphic among U.S. inbreds (Class I) and those
defined as monomorphic among these lines (Class II). To
enhance the likelihood of identifying the best candidates for
selected SSRs, we identified a subgroup (E) of Class II SSRs that
were enriched for low diversity in maize relative to ssp. parviglumis. In a sense, our strategy was to sift through the maize
mappers ‘‘trash bin’’; for, although monomorphic loci are the
bane of the mapper, they are apt to be the nonneutral loci of most
interest to evolutionary biologists. This strategy was successful in
that Class IIE SSRs show a greater relative loss of diversity
(⌬GD or ⌬Allele) than do Class I SSRs and a greater average
differentiation (Fst) between maize and teosinte. Thus, Class IIE
SSRs come from the portion of the distribution where loci that
exhibit the effect of selection are most likely to occur. This does
not demonstrate that any individual Class IIE SSR has experienced selection, but it does indicate that nonneutral loci should
be over-represented among Class IIE SSRs, as compared with
the general population of SSRs.
Cautions. Four issues deserve discussion so that our results are

correctly interpreted. First, the hitchhiking effect must be considered. Are we identifying selected loci or neutral loci that are
simply tightly linked to selected ones? Barring a focused investigation of each individual candidate, this question cannot be
answered. However, the high recombination rates in maize genes
(2) and correspondingly low levels of linkage disequilibrium (3,
4) suggest that selection need not be associated with a very
powerful hitchhiking effect. Indeed, selection during maize
domestication at the tb1 gene seems to have greatly reduced the
levels of diversity in the promoter without a large reduction in
the coding region (6). Second, the enrichment procedure used to
identify the Class IIE subgroup of SSRs creates two biases. One
is the intended bias to enrich the pool for nonneutral loci. The
other bias is to enrich the pool for neutral loci that are on the tails
of the distribution. This latter bias compromises the GD test
because the criteria of the enrichment procedure are the same
as those of the GD test. For this reason, the Fst and Ewens–
Watterson tests provide more convincing evidence for selection,
because the basis of these tests is independent of the enrichment
strategy. Third, the significance levels for the GD and Fst tests
are derived from the simulations, and, thus, they are sensitive to
our estimates of parameters such as the size and duration of the
bottleneck and the effective population size of the progenitor.
Refined estimates for these parameters will improve the reliability of the tests. Fourth, we emphasize that positive test results
only elevate a locus to candidate status and do not demonstrate
selection in our view. Thus, the candidates need verification via
additional tests such as the HKA. Because we view loci with
significant test results only as candidates, we also argue that
agricultural scientists should moderate the usual concern about
false positives (type I statistical errors) and apply the P ⫽ 0.05
significance level somewhat loosely so that all reasonable, even
if marginal, candidates are advanced to the next level of testing.
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Candidates. Fifteen loci show evidence of selection in maize. Of
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elevation, and both tropical and temperate climates. Each of
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during germination in soybean (29). Humans may have applied
selection for lower alkaloid content in kernels to improve
palatability. AI737167 has homology to MADS genes, a class of
transcription factors involved in many developmental processes
in plants. Because AI737167 maps near known domestication
QTL, we are investigating it in more detail. BE012246 has
homology to scarecrow-like transcription factors, a class of genes
previously associated with crop improvement (30).
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will have reduced variation in excess of the bottleneck effect in
genes for which the progenitor species possessed allelic variation
contributing to traits of human interest (‘‘selected genes’’),
whereas other loci will experience a loss of diversity that is
commensurate with the bottleneck effect alone. Successful application of this approach to crop species depends upon several
conditions. First, the bottleneck effect must be relatively modest
so that most neutral genes retain high levels of diversity through
the bottleneck. For maize and many other crops, this condition
is met (7, 9). Second, the progenitor species must have relatively
high levels of variation so that most genes have variation to be
retained through the bottleneck. Zea mays ssp. parviglumis is
among the most variable species known (7, 8).
We have used three tests of selection that complement each
other, because they assess deviations from neutrality on distinct
criteria. Still, there is concern as to whether these tests are too
liberal or too conservative. The Ewens–Watterson test is based
upon the expected relationship between H and the number of
alleles in a population at equilibrium (22). As a species that has
been through a recent bottleneck, maize is unlikely to have
reached equilibrium, and, thus, a significant test result might be
caused by demographic history alone. A counter argument is that
because our Class I SSRs exhibit no significant Ewens–
Watterson tests, and they have the same demographic history as
Class IIE SSRs, then demography cannot explain the significant
results for the Class IIE SSRs.
The Fst and GD tests compensate for the domestication
bottleneck by setting confidence limits based on coalescence
simulations that incorporate the bottleneck. The simulations are
based upon a broad set of conditions that cover two different
mutation models and wide ranges of mutation rates and demographic factors. One cannot say where the balance among all
these factors lies, or whether the tests are too conservative, too
liberal, or just right. If they are too conservative, then we would
be underestimating the numbers of SSRs with reduced variation
as a result of selection. For this reason, it may be of interest to
examine in more detail some of the Class IIE SSRs that approach
but fall short of the threshold for statistical significance or Class
I SSRs that show minimal evidence of selection.

