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Supplemental material: Materials and Methods 

Plant materials 

Table S1 lists the lines used for sequencing. Maize lines included seven tropical and 

seven temperate inbreds, chosen to represent broad simple sequence repeat (SSR) 

diversity (1). For each locus, two maize lines, Mo17 and B73, were sequenced twice to 

examine error rates. The sixteen teosinte accessions were widely geographically 

distributed from across the species’ range. Teosinte accessions were partially inbred by 

two generations of self-fertilization. 

 

Sequencing 

A total of 1000 genes were selected for sequencing from the Maize Mapping 

Project/Dupont Unigene set. PCR primers were designed on the 3’ UTR using Primer3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html). Touchdown PCR was performed 

for each locus, and PCR was cleaned by ethanol precipitation prior to sequencing. PCR 

products were sequenced directly using both forward and reverse primers with BigDye 

v3.1. Reactions were run on ABI 3100 or 3700 sequencers.  Base calling, quality checks 

and sequence assembly were conducted using PHRED and PHRAP (2, 3). Multiple 

sequence alignments were made using ClustalW (4), followed by manual editing. 

Sequences have been submitted to Genbank (BV123534-BV144210; BV446558-

BV447590) and are available at www.panzea.org. 

  

Based on loci where replicate sequences were successful, we estimated an error rate of 

6.5 x 10-5 per base pair without regard to PHRAP quality scores.  However, for SNP 
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analyses, we considered only variants with a minimum PHRAP quality score > 20. Using 

these criteria, we identified zero errors in 260,981 bp of sequence comparisons between 

replicates, suggesting our dataset has an error rate very close to zero (< 3.8 x 10-6 errors 

per bp) under these conditions.  

 

From our sample of 1000 loci, 793 loci had a sample size of at least 5 individuals for 

each taxon (Supplemental Table 1).  Of these, 19 had zero diversity in teosinte, and these 

were excluded from further analysis.  For the remaining 774 loci, the average sample size 

for these loci was 12 for maize and 12.7 for teosinte. We only analyzed sites without 

gaps. Excluding gaps, the aligned regions ranged from 78 to 870 bp in length, with an 

average of 295 bp.   

 

Sequence Analysis 

Values of Watterson’s estimator of θ (5), Tajima’s D (6), h (number of haplotypes), Rm 

(minimum number of recombination events) (7), and S (number of segregating sites) 

were calculated for each locus using programs written in perl (Table S2). The population 

recombination parameter ρ was estimated using Hudson’s (8) composite likelihood 

estimator, as implemented in the program maxhap.   For Figure 2, only those loci with 9 

or more segregating sites in both the observed and simulated datasets were plotted, 

because the estimator has extremely high bias with a smaller number of segregating sites 

(8). 

 

Simulations and likelihood approach 
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Coalescent simulations were run using a modified version of Hudson’s ms (9) program. 

We modeled the divergence of two populations, representing teosinte and maize, with a 

population bottleneck in maize (10).  The goal of these simulations was to estimate the 

bottleneck severity that best explains the maize data.  

We used rejection-sampling to condition our simulations on the observed teosinte 

data.   Our reasoning was that the unknown and unknowable demographic history of 

teosinte is captured in observed sequence data; by fitting simulated data to the observed 

data, our simulations capture much of the demographic history of each locus.  

Conditioning on teosinte data also controls for variation in coalescent history, mutation 

rate and recombination rate across loci.   

The bottleneck model has six parameters (Figure S1):  

1) Na, the ancestral population size, in number of chromosomes, prior to the split 

of teosinte and maize. We assumed that Na equals the present population size of teosinte, 

which we estimated to be 900,000 chromosomes, based on the average from previous 

studies (11, 12). Under our model, Na scales with the mutation rate µ for each locus, and 

thus the absolute value of Na has little effect on estimation of the bottleneck severity 

(Figure S2).   

2) ui, the mutation rate at locus i.  The mutation rate for each locus was estimated 

using Watterson’s (θw) estimator of the population-mutation parameter from teosinte data 

for each locus, where θw,i= 4Naui.  Thus, mutation rates varied among loci as a function of 

observed levels of teosinte diversity. 

3) t, the time of the split between maize and teosinte. Estimates of the time of 

domestication of maize vary in the literature from 6000 years before present to 9000 
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years before present.  In our model, t scales with population size, and thus variation in 

empirical measures of t represents a very minor degree of uncertainty in our simulations 

(Figure S2). We therefore fixed t at the midpoint of 7500 years, as this value has 

precedence and support from archaeological arguments (10, 13).   

4) Np, the present size of maize. Previous simulation results indicate that varying 

Np by as much as an order of magnitude has little effect on diversity levels given the short 

time frame since the bottleneck (10, 11).  We therefore fixed Np equal to Na=900,000 in 

our full model.  We also verified that Np has little effect on the estimation of likelihoods 

(data not shown).  

5) ri, the rate of recombination at each locus i. Because of inherent uncertainty in 

recombination rates, we used a rejection sampling approach to incorporate this 

uncertainty into our simulations (see below for details). 

6) k, the severity of the bottleneck.  k is the ratio of Nb, the number of 

chromosome in the maize population during the bottleneck, to d, the duration of the 

maize population bottleneck. Previous work has shown that the ratio k = Nb/d measures 

the strength of the bottleneck and represents the crucial parameter determining patterns of 

diversity. In practice, we fixed d at 1000, chosen to represent a reasonable intermediate 

value (10), and varied Nb to fit the strength of the population bottleneck.  

 

For each of the 774 genes, simulations proceeded as follows.  Given assumed 

parameter values (see above) and observed sample sizes in maize and teosinte, a value of 

the population-recombination parameter ρ (=4Νr) was chosen from a uniform 

distribution between 0 and 0.1 per base pair.  The high-end of this range was purposefully 
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truncated to ensure both that recombination estimates were not overestimated and that 

test statistics for selection were conservative.  Given a random value of ρ, diversity 

statistics were collected for simulated teosinte data. Simulated statistics were then 

compared with the observed data in teosinte. The simulation was accepted if the number 

of haplotypes (h), the minimum number of recombination events (Rm), and the number of 

segregating sites (S) all fell within 20% (11, 14) of the observed teosinte statistics; 

otherwise, we rejected the simulation.  If the simulation was accepted, we collected 

diversity statistics for both maize and teosinte. This method continued until 1000 

successful simulations were tallied for each locus i for a given value of the bottlenecked 

stringency k.  For all but three loci, simulations were carried out for 17 values of k, 

ranging from 0.001 to 3.65.  For the other three loci, no simulations were generated that 

fit the summary statistics in teosinte, and thus these were removed from further 

consideration.   

The likelihood (L) of k given the number of segregating sites in maize at locus i 

was then estimated using the proportion p of simulations that fit the observed number of 

segregating sites at locus i: 

 

)|()|( kSpSkL iiii ≈  

 

(Note that for each locus Li is also conditioned on the model and on the teosinte data, but 

both are omitted from equations for clarity.)  The full multi-locus likelihood was 

estimated as the product of the locus likelihoods: 

∏
=

=
n

i
imultilocus LL

1
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Note that this assumes independence across loci, which is reasonable considering that 

genes were sampled randomly across the genome and the vast majority is unlinked. The 

multilocus maximum likelihood across the 17 values of k then approximates the 

maximum likelihood (ML) estimate of k. For cases where no simulations at locus i fit the 

observed S, we assumed a p value of 10-3 for the multilocus analysis, i.e. we assumed that 

1 in 1000 simulations fit the observed to avoid zero values. Although this inflates the 

likelihood for unusual models, analysis of 10,000 simulations for a subset of models 

suggests that this has little effect on the likelihood surface, or on our inference of 

selection (data not shown). Although it is difficult to adequately explore the likelihood 

surface with our simulation approach, we simulated a number of k values close to the 

peak of the likelihood surface and also used 10,000 simulations to evaluate significance 

of the two class model (Figure 2A).  As a result, our grid is sufficiently fine to ensure that 

we were close to the best-fit model.  

 

We modeled the bottleneck using S as the criterion for fitting maize data for several 

reasons. First, previous studies have shown that S gives a reliable method to infer 

bottleneck parameters, while other statistics give greater uncertainty in parameter 

estimation (10, 11). Second, the clearest signal of selection in small sequence fragments 

will be the presence of little or no polymorphism, thus other summary statistics (such as 

LD) have little power to detect departures from the neutral bottleneck. Finally, use of 

joint likelihoods across multiple summaries of the data would require a computationally 

unfeasible number of simulations for our large dataset using a rejection algorithm. 
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To test for selection, we introduced an alternative model that allows a proportion f of loci 

to have a different value of k from the rest of the genes. The likelihood of this model for 

locus i is then calculated as (15, 16): 

)|()|()1( 21 iii SkfLSkLfL +−=   

And the multilocus likelihood is: 

∏
=

=
n

i
imultilocus LL

1

 

We tested all possible pairwise models from our simulated data, across a fine grid of 

possible values of f. The ML of the two-class model was then compared with the ML of 

the 1-class model. Significance was assessed using the χ2 approximation, using twice the 

difference in log likelihoods between the 1- and 2-class models, with one degree of 

freedom. Simulated datasets using the same bottleneck model, but generated 

independently of the likelihood simulations, demonstrate that significant support for the 

2-class model is not expected when a single bottleneck has occurred (Figure 2B).  

Approximate Bayesian posterior probabilities (PP) for each locus being in the 

severe bottlenecked (i.e. ‘selected’) class 1 were calculated (15, 16), using the maximum 

likelihood estimates of f, k1 and k2: 

)|()1()|(

)|(
)(

12

2
2 kSpfkSfp

kSfp
kPP

ii

i
i −+

=  

 

As a proof-of-principle, Bayesian posterior probabilities were also calculated using 

simulations based on data from a previous study of the tb1 locus (17).  The tb1 data 

represent a noncoding fragment of 2686 bp near the center of the selective sweep 

(position 45.8).   
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Annotation of Candidate genes 

We submitted candidate genes to a BLASTx search (18) of the Arabidopsis thaliana 

genome, and used the annotation from the highest matching hit. For loci that showed no 

match to Arabidopsis with a BLAST alignment score cutoff of 80, we checked for 

similarity to proteins in rice, and used this annotation when a significant match was 

identified. 

 

QTL analysis 

Genetic map positions for 638 of our 774 genes (83%) were inferred based on their 

assignment by overgo hybridization (19) to anchored contigs on the integrated genetic 

and physical map for maize (iMAP, www.maizemap.org).  We estimated the closest 

genetic distance of each of these loci to the nearest QTL identified by Doebley and Stec 

(20, 21). We used a permutation test to assess whether the mean distance from the nearest 

QTL was significantly lower for the n candidate genes, where n was the number of genes 

in the test. Using 100,000 permutations, we randomly selected without replacement mean 

distances from n genes throughout the genome, and calculated the proportion of samples 

that had a mean as low or lower than the observed for the n candidates. 

 

Figure Legend S1: The coalescent model and its parameters.  A full description of the 

parameters is provided in the text. 
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Figure Legend S2:  Graphs of the effects of parameter assumptions for Na (top panel) 

and t (bottom panel) on likelihood estimates.  For each panel, the x-axis was the value 

used in full analyses and the y-axis was an alternative value used to evaluate the 

robustness of the method.  Squares represent genes, plotted with respect to the estimated 

likelihood when k = 2.45.  The diagonal line represents a slope of 1.0.  The graphs 

indicate that varying Na from 900,000 to 1,800,000 (or t from 7500 to 9000) have little 

effect on likelihood estimation for individual genes and also little effect on the multilocus 

likelihood.  Similar results were obtained when Na was assumed to be 450,000, when t 

was assumed to be 6000, or when Np was assumed to be either 450,000 or 1,800,000 

(data not shown).   We also analyzed the two class model (k = 2.45 and k = 0.15) when Na 

and Np were assumed to be 450,000 and 1,800,000 and when t = 6000 and 9000.  In all 

six cases, the two-class model was significantly more likely than the one class model, 

with estimates of f ranging from = 0.022 to 0.031.   
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Supplementary Table 1.  Plant materials used in this study 
 
Type Inbred  (accession or type) Origin 
Zea mays ssp. mays B73 (temperate) Iowa, USA 
 Hp301 (temperate) Indiana, USA 
 Il14H (temperate) Illinois, USA 
 Ky21 (temperate) Kentucky, USA 
 M37W (temperate) South Africa 
 Mo17 (temperate) Missouri, USA 
 Oh43 (temperate) Ohio, USA 
 CML69 (tropical) Mexico 
 CML247 (tropical) Mexico 
 CML322 (tropical) Mexico 
 CML333 (tropical) Mexico 
 Ki3 (tropical) Thailand 
 Ki11 (tropical) Thailand 
 NC350 (tropical) North Carolina, USA 
 
Teosinte Balsas (CIMMYT 8783) Mexico 
Zea mays spp.  Balsas (CIMMYT 11355) Mexico 
    parviglumis Balsas (INIFAP JSG 374) Mexico 
 Balsas (INIFAP JSG 378) Mexico 
 Balsas (INIFAP JSP y Lo5130) Mexico 
 Balsas (INIFAP JSG y LOS 109) Mexico 
 Balsas (INIFAP JSG y LOS 119) Mexico 
 Balsas (INIFAP JSG y LOS 161) Mexico 
 Balsas (USDA PI566686) Mexico 
 Balsas (Beadle & KatoSite 4) Mexico 
 Balsas (Kato Site 4) Mexico 
 Balsas (Wilkes Site 6) Mexico 
 Jalisco (Benz 967)  Mexico 
 Jalisco (INIFAP JSG y MAS 264) Mexico 
 Jalisco (INIFAP JSG y MAS 401) Mexico 
 Oaxaca (INIFAP JSG 197) Mexico 
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