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Nested association mapping (NAM) offers power to resolve 
complex, quantitative traits to their causal loci. The maize 
NAM population, consisting of 5,000 recombinant inbred 
lines (RILs) from 25 families representing the global diversity 
of maize, was evaluated for resistance to southern leaf blight 
(SLB) disease. Joint-linkage analysis identified 32 quantitative 
trait loci (QTLs) with predominantly small, additive effects 
on SLB resistance. Genome-wide association tests of maize 
HapMap SNPs were conducted by imputing founder SNP 
genotypes onto the NAM RILs. SNPs both within and outside 
of QTL intervals were associated with variation for SLB 
resistance. Many of these SNPs were within or near sequences 
homologous to genes previously shown to be involved in plant 
disease resistance. Limited linkage disequilibrium was observed 
around some SNPs associated with SLB resistance, indicating 
that the maize NAM population enables high-resolution 
mapping of some genome regions.

Southern leaf blight disease, caused by the fungus Cochliobolus  
heterostrophus, constitutes a considerable threat to corn produc-
tion worldwide. No known genes confer complete immunity to this  
disease; instead, maize breeders rely on polygenic, quantitative 
resistance to SLB1. Although substantial progress has been made in  
elucidating the genetic basis of plant disease immunity conditioned 
by ‘R genes’2, little is known about the genes underlying quantita-
tive disease resistance. The few genes underlying QTLs for plant 
disease resistance that have been cloned represent a diverse array of  
gene functions3–8.

The maize NAM panel, a set of 5,000 RILs derived from crosses 
between the reference inbred line B73 and 25 other founder inbreds, 
captures a substantial proportion of the global genetic diversity of 
maize inbred lines. Maize NAM represents 135,000 recombination 
events and has been genotyped at 1,106 SNP markers9. The high allele 

diversity and large sample size provide power for detection and reso-
lution of QTLs10,11. With the recent release of the first-generation 
maize HapMap12, based on the NAM founder lines, haplotypes can 
be imputed onto the full set of NAM RILs for genome-wide associa-
tion analysis13.

We evaluated the NAM population for quantitative resistance to 
SLB across three environments and resolved most of the genetic con-
trol for resistance to QTLs with joint linkage analysis. High-resolution 
genome-wide association analysis was conducted using 1.6 million 
HapMap SNPs, which were identified among the founder lines and 
imputed onto the complete NAM panel, to identify SNPs significantly 
associated with SLB resistance. Many of these SNPs are within or adja-
cent to candidate genes that warrant further investigation as putative 
causal genes underlying quantitative disease-resistance QTLs.

We measured quantitative resistance to SLB using a nine-point rat-
ing scale (Supplementary Fig. 1) twice on each experimental plot 
in each of three environments. SLB index values (representing the 
mean of SLB resistance measured across time points and environ-
ments) varied widely among B73 and the 25 other founder inbreds 
(Fig. 1). The most resistant and susceptible founder lines differed 
by about three points, a difference that can be observed visually 
(Supplementary Fig. 1). The reference founder line, B73, was among 
the least resistant lines (Fig. 1). NAM RIL families also differed in 
mean resistance, with family mean SLB index values highly correlated 
with the values of their diverse founder parents (r = 0.88, P < 0.0001; 
Fig. 1). Heritability of the average SLB index score across time points 
was 87% (Supplementary Table 1), indicating the potential for accu-
rate mapping of SLB-resistance genes.

We identified 32 SLB-resistance QTLs at P < 0.0001 in a joint link-
age analysis across all families (Fig. 2 and Supplementary Tables 2 
and 3). The median length of the support intervals for QTL posi-
tions was 6.2 cM, and values ranged from 0.6 cM to 22.0 cM. These 
32 QTLs jointly explained 80% of the phenotypic and 93% of the 

Genome-wide association study of quantitative resistance 
to southern leaf blight in the maize nested association 
mapping population
Kristen L Kump1, Peter J Bradbury2,3, Randall J Wisser4, Edward S Buckler2,3, Araby R Belcher5,  
Marco A Oropeza-Rosas1, John C Zwonitzer5, Stephen Kresovich3, Michael D McMullen6, Doreen Ware3,  
Peter J Balint-Kurti5,7 & James B Holland1,7

1Department of Crop Science, North Carolina State University, Raleigh, North Carolina, USA. 2US Department of Agriculture–Agricultural Research Service (USDA-ARS)  
and Department of Plant Breeding and Genetics, Cornell University, Ithaca, New York, USA. 3Institute for Genomic Diversity, Cornell University, Ithaca, New York, USA.  
4Department of Plant and Soil Sciences, University of Delaware, Newark, Delaware, USA. 5Department of Plant Pathology, North Carolina State University, Raleigh, 
North Carolina, USA. 6USDA-ARS and Division of Plant Sciences, University of Missouri, Columbia, Missouri, USA. 7USDA-ARS, Raleigh, North Carolina, USA.  
Correspondence should be addressed to J.B.H. (jim.holland@ars.usda.gov).

Received 9 July; accepted 15 December 2010; published online 9 January 2011; doi:10.1038/ng.747

http://www.nature.com/naturegenetics/
http://www.nature.com/doifinder/10.1038/ng.747


©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

164  VOLUME 43 | NUMBER 2 | FEBRUARY 2011 Nature GeNetics

l e t t e r s

genotypic variation for SLB resistance. We detected no digenic epi-
static interactions between QTLs with additive effects; however, 
we detected one interaction between loci without significant main 
effects. The QTL model based solely on analysis of the NAM RILs 
predicted 79% of the variation in resistance of the NAM founders 
(Supplementary Fig. 2).

All QTLs had small effects on SLB resistance, with absolute values 
of significant allelic effects averaging 0.15, and ranging from 0.09 to 
0.39 on the nine-point scale (Fig. 3). The one epistatic interaction 
we detected showed effects ranging from –0.04 to 0.08 points. The 
QTL with the largest effect estimate mapped to bin 3.04, a region 
previously associated with SLB resistance14,15. We expected plants 
homozygous for the most resistant allele at this QTL (derived from 
line IL14H) to have scores 0.78 points lower than plants homozygous 
for the B73 allele at this locus, a visually observable difference. 
However, the predicted effects of most other allelic substitutions 
would be difficult to discern visually. Nevertheless, the combined 
effect of allelic substitutions across many QTLs leads to the substan-
tial differences in quantitative SLB resistance among the founder lines 
(Figs. 1 and 3). Among all the detected QTLs, significant (at a 5% 
false discovery rate) functional allelic effects 
segregated in 1 to 15 families, with a median 
number of 5 families (Supplementary  
Fig. 3). At 37% of the QTLs, diverse parent  
founders contributed both significantly 
positive (greater susceptibility) and negative 
(greater resistance) allele effects relative to 
the B73 allele, indicating that allelic series of 
at least three alleles each exist at these QTLs. 
Compared to B73, diverse line founder alle-
les with significant effects contributed only 
to greater resistance at 13 QTLs, and only 
to greater susceptibility at 7 QTLs (Fig. 3). 
About two-thirds of significant founder 
alleles conferred greater resistance relative 
to B73, as we expected on the basis of the 
greater resistance observed in most founders 
compared to B73.

Necrotrophic leaf diseases such as SLB tend 
to occur after anthesis15, raising the possibility 
that some disease-resistance QTLs may result 

from pleiotropic effects of flowering time genes. We corrected for 
this effect by measuring days to anthesis (DTA) on the NAM lines in 
the same experiments used for SLB-resistance evaluations and fitting 
DTA as a covariate in the analysis models (Supplementary Table 4).  
To test the hypothesis that some flowering-time QTLs cause SLB 
resistance by pleiotropy even after applying covariate adjustments, 
we mapped DTA QTLs and compared their positions and effects to 
the SLB-resistance QTLs. We identified 30 flowering QTLs, explaining 
85.2% of the phenotypic variation for DTA (Supplementary Tables 5  
and 6). Eight pairs of QTLs for SLB and DTA had overlapping  
support intervals, but the 25 founder allele effects on the two traits 
were significantly correlated (r = −0.52, P = 0.008) at only one colo-
calized pair (in bin 1.05).

We compared SLB-resistance QTLs detected in the NAM to those 
reported in previous studies of individual biparental populations rep-
resenting progeny from combinations of eight parental lines14,16–20. 
We placed QTLs from each study on a common map according to 
the positions of their closest flanking markers or support intervals 
(Supplementary Fig. 4). The median number of QTLs detected in 
each previous study was 6.5, about five times fewer than detected in 
NAM. The number of QTLs with significant allelic effects within each 
NAM family ranged from 2 (B73 × CML52) to 15 (B73 × CML247), 
with an average of 7.5. Of the 32 SLB QTLs we detected in NAM, 16 
overlapped with previously identified QTLs (Supplementary Fig. 4). 
Another 19 SLB QTLs have been reported in previous studies but not 
detected in NAM.

We controlled for genetic background variation in the initial 
step of genome-wide association (GWA) tests of 1.6 million maize 
HapMap SNPs by testing each SNP effect in combination with the 
joint linkage QTL model, including the DTA covariates but exclud-
ing QTLs identified on the same chromosome as the tested SNP 
(Supplementary Fig. 5). We carried out two distinct initial GWA 
analyses: a single forward regression search on each chromosome 
separately using the full RIL dataset, and forward regression for 
each chromosome within each of 100 subsample data sets contain-
ing 80% of the RILs in each family13,21,22. Using the two methods 
combined, we identified 245 significantly associated SNPs (Fig. 4, 
Supplementary Fig. 6 and Supplementary Table 7), which we then 
considered candidates for inclusion in a final joint GWA model. In 
the final model selection, we aimed at replacing QTLs (with unique 
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9

8

7

6

5

S
LB

 in
de

x

4

Founder inbred

Founder SLB index
Family mean SLB index

3

2

B
73

P
39

H
p3

01
M

S
71

O
h7

B
B

97
T

x3
03

II1
4H

K
y2

1
C

M
L3

22
M

37
W

C
M

L1
03

C
M

L3
33

C
M

L6
9

M
o1

8W T
zi

8
N

C
35

8
M

16
2W

C
M

L2
28

O
h4

3
K

i3
K

i1
1

C
M

L5
2

C
M

L2
77

C
M

L2
47

N
C

35
0

1

Figure 1 Parental and RIL family mean values ± s.e.m. of SLB index 
scores. Black bars, parental SLB best linear unbiased predictor (BLUP) 
index value; Gray bars, average index value for all RILs derived from the 
cross of B73 and that parent. 



©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

Nature GeNetics  VOLUME 43 | NUMBER 2 | FEBRUARY 2011 165

l e t t e r s

effects modeled for each of 25 NAM families) with SNPs (each with 
only 2 instead of 25 allelic effects across all families, and with effect 
segregation limited to families in which the SNP segregated) that 
were simultaneously significant (P < 0.0001) in a final joint model 
(Supplementary Fig. 5). This reduced the initial set of 245 SNPs 
to 51, in part by selecting only one or two SNPs out of localized  
clusters of linked SNPs (Fig. 2, Table 1 and Supplementary Figs. 6  
and 7). The final model, containing family mean effects, three QTLs 
and 51 biallelic SNP effects (Supplementary Tables 8 and 9), explained 
74% of the phenotypic variation for SLB resistance. Without the 
 family term, the 51 SNPs plus three QTLs explained 69% of the total 
phenotypic variation. The final model predicted 79% of the variation 
for SLB resistance among the founder lines (Supplementary Fig. 8). 
SNPs within QTL support intervals were significantly enriched in 
this final set (Fig. 2 and Supplementary Fig. 6), accounting for 33 
(65%) of the 51 SNPs in the final model, compared with 15% in the 
complete set of 1.6 million HapMap SNPs. Of the 32 SLB-resistance  
QTL intervals, 5 contained no SNPs, 21 contained a single SNP 
and 6 contained two SNPs each in the final model (Fig. 2 and 
Supplementary Figs. 6 and 7).

Using linkage analysis, we found that variation in resistance to 
SLB in the NAM panel is controlled by at least 32 QTLs, each with 
relatively small effects. About half of the QTLs detected in previous 
biparental populations were not detected in NAM (Supplementary 
Fig. 4), possibly because they segregate at low frequency or not at all 
in NAM. Considering that the NAM founders were chosen to capture 
maize’s diversity, this suggests that there is substantial heterogeneity 
in the genetic architecture for SLB within maize. The accuracy of 
prediction of founder line SLB index values on the basis of the addi-
tive QTL model was high (r2 = 0.79; Supplementary Fig. 2) and only 
one significant epistatic interaction was identified. Thus, the genetic 
architecture of SLB resistance in the NAM panel is characterized 
by largely additive gene action with a minor role for epistasis, and 
relatively small allelic effects. This genetic architecture is markedly 
similar to that of flowering time in the NAM10.

Of the 32 QTL intervals, 5 did not include SNPs maintained in 
the final model (Fig. 2), but this was not related to the magnitude of 
QTL effects. Discrepancies between QTL and SNP positions can be 
caused by differences in power of fitting biallelic SNPs compared with 

multiallelic QTLs for the detection of causal variants that are truly 
segregating for differing numbers of alleles in NAM, and to insuffi-
cient SNP density for adequate tagging of all functional variants. GWA 
in NAM has been estimated to require ten times more SNPs than the 
current HapMap of 1.6M SNPs12 to ensure complete genome satura-
tion. Thus, we may have missed causal polymorphisms owing to their 
lack of linkage disequilibrium (LD) with tested SNPs. Conversely, 
18 of 51 final model SNPs mapped outside of QTL support interval 
(Fig. 2). These may represent false positives owing to long-range LD 
within chromosomes or associations with causal genes of small effect 
that were not detected as QTLs.

GWA relies on LD between SNPs and sequence polymorphisms 
responsible for phenotypic variation. Such LD can arise even with-
out physical linkage owing to population stratification, greatly com-
plicating the interpretation of GWA results in diverse population 
 samples23,24. Random chromosome assortment during NAM popu-
lation development eliminates interchromosomal LD among its 
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 founders. Furthermore, recombination erodes 
founder intrachromosomal LD as a function 
of the genetic distance between loci, with LD 
decaying toward zero as recombination fre-
quency approaches 0.5. Thus, undertaking 
GWA in the framework of NAM eliminates 
spurious unlinked associations and reduces 
the occurrence of linked associations13. The 
NAM design allows calculation of expected 
LD among HapMap SNPs by interpola-
tion of the observed LD among NAM map  
markers into the genetic map intervals where 
the HapMap SNP genetic positions were pro-
jected. We inspected LD between each of 16 
representative SNPs in the final GWA model 
and all other SNPs on the same chromosome 
in the NAM founders and in the progeny 
RIL generation (Fig. 5 and Supplementary 
Fig. 9). We observed relatively high levels of 
founder LD between these sites and distant 
sites, but recombination during NAM popu-
lation development often dissipated LD to 
much lower levels (Fig. 5a). In other cases, 
recombination in the NAM over a 5 cM inter-
val surrounding the SNP was not sufficient to 
erode LD below r2 = 0.5 (for example, chromo-
some 1, 191.5 Mb; Fig. 5b). Thus, GWA  
resolution varies among genome regions  
in NAM but in some cases seems sufficient 
for identification of one or a few probable 
causal gene candidates.

A diverse range of genes are prob-
ably involved in natural variation for plant 
 disease resistance3–8. We identified several 
genes which may function in known plant 
disease-resistance pathways among the 
genes containing or immediately adjacent to 
the 51 SNPs identified herein (Table 1 and 
Supplementary Table 7). For example, we 
identified two genes with leucine-rich repeat 
(LRR) domains, which are important in plant 
responses to a variety of external stimuli 
including pathogens25,26 (Table 1). We also 
identified a gene with strong similarity to 
NPR1, which is important for the defense 
response27,28. NPR1 interacts with the TGA 
family of basic leucine zipper transcription 
factors29,30; we also identified a member of 
the TGA gene family adjacent to a final model 
SNP (Table 1). Another SNP was adjacent to a 
homolog of the rice gene NRR (negative regu-
lator of resistance) (Table 1), which encodes a 
protein that interacts with the NPR1 protein 
during the defense response31. Several other 
SNPs were within or adjacent to genes con-
taining domains homologous to various other 
gene classes that seem to function in plant 
disease resistance (Table 1).

Future research will focus on validating 
the effects of these genes, understanding how 
genes engender resistance to SLB in maize 

table 1 Physical and genetic map positions of 51 sNPs significantly associated with slB 
resistance and predicted function or homology of adjacent candidate genes 

SNP Chr.

Physical  
position  

(AGPv1 bp)

NAM map  
position 

(cM)
Mean  
effect P Candidate genes or proteins

 1 1 3,345,032 2.4 −0.11 5.0 × 10−9

 2 1 45,565,372 61.5 −0.07 4.1 × 10−8 Mitochondrial carrier protein (programmed cell 
death32); Ran GTPase (plant defense response33)

 3 1 80,360,348 81.3 −0.09 2.4 × 10−12 Glutathione S-transferase (plant defense34)
 4 1 91,029,509 86.8 −0.06 1.9 × 10−14 Lipid transfer protein (detection of pathogens35)
 5 1 191,462,090 105.2 −0.05 6.2 × 10−17 BTB/POZ domain gene (interacts with NPR136)
 6 1 210,676,683 122.4 −0.11 2.0 × 10−8 LRR receptor kinase (disease resistance25)
 7 1 215,011,781 126.1 −0.06 1.6 × 10−26 TUBBY domain (upregulated in defense response37)
 8 1 250,552,770 148.6 −0.08 2.7 × 10−13

 9 1 278,662,769 171.4 −0.15 3.3 × 10−11

10 1 280,344,954 174.9 0.10 2.3 × 10−11

11 2 10,687,858 30.6 0.05 3.0 × 10−9 AP2 transcription factor (disease resistance38)
12 2 16,645,095 44.1 −0.05 8.6 × 10−12 Cyclin (programmed cell death39), multi  

antimicrobial extrusion protein MatE40

13 2 38,763,561 66.6 −0.10 1.8 × 10−40

14 2 137,994,984 79.0 −0.10 9.4 × 10−15

15 2 205,642,264 114.2 −0.13 3.0 × 10−9 Armadillo proteins (cell death41)
16 3 5,756,385 22.5 0.12 1.3 × 10−11

17 3 22,604,327 51.2 −0.07 6.0 × 10−99 NRR (defense response31,42)
18 3 22,723,018 51.3 −0.19 4.7 × 10−94

19 3 129,035,412 61.1 −0.09 7.0 × 10−9 Cytochrome P450 (phytoalexin production,  
other defense responses43,44)

20 3 179,919,456 91.9 0.06 1.7 × 10−19 Serine-threonine protein kinase (plant defense 
response45,46)

21 3 179,938,179 92.0 0.14 4.3 × 10−23

22 3 214,769,000 128.3 0.07 5.9 × 10−28

23 3 216,041,726 131.4 0.07 2.6 × 10−27 Serine-threonine protein kinase (plant defense 
response45,46)

24 3 227,067,958 151.4 0.06 2.0 × 10−5 Pectate lyase47

25 4 2,078,072 7.2 0.07 3.0 × 10−9

26 4 32,640,236 51.4 0.06 3.3 × 10−15

27 4 176,435,821 87.6 0.10 3.0 × 10−8

28 4 240,050,394 121.9 0.12 3.7 × 10−12 Pti4, Pti5 and Pti6 ERF transcription factors; ABC 
transporter (disease resistance8,48)

29 5 5,052,284 17.7 0.05 1.6 × 10−8

30 5 11,846,180 37.1 −0.07 3.2 × 10−8

31 5 31,569,318 57.3 0.07 1.1 × 10−18

32 5 100,876,057 70.1 −0.08 2.2 × 10−6

33 5 151,200,478 73.4 0.07 8.3 × 10−5 LRR gene (pathogen recognition2)
34 5 181,340,536 90.8 −0.09 1.7 × 10−10

35 5 207,876,608 126.2 −0.09 6.0 × 10−9

36 6 5,645,390 −4.4 0.10 1.7 × 10−48

37 6 156,545,570 74.8 0.07 2.2 × 10−10 AP2 transcription factor (disease resistance38)
38 7 2,159,584 5.4 −0.09 1.3 × 10−12 Cyclins (programmed cell death39)
39 7 6,952,875 29.3 0.07 4.4 × 10−9 Lipases (disease resistance49)
40 7 35,156,174 48.1 −0.05 5.2 × 10−5 BTB-POZ domain gene (interacts with NPR136)
41 7 127,402,718 68.5 −0.08 2.7 × 10−10 Basic leucine zipper in TGA subclade (interacts 

with NPR29)
42 7 152,488,251 91.2 −0.11 1.5 × 10−9 TUBBY domains (upregulated in defense response37)
43 8 122,144,059 66.2 −0.09 2.7 × 10−15

44 8 165,649,948 103.2 0.06 8.6 × 10−16 P450 gene (phytoalexin production and other 
defense responses43,44)

45 8 170,075,212 119.4 0.05 2.0 × 10−9 Cyclins (programmed cell death39)
46 9 16,221,990 28.5 −0.10 1.4 × 10−33

47 9 93,746,250 48.2 −0.08 8.8 × 10−20

48 9 106,915,104 53.0 −0.11 7.0 × 10−20

49 10 1,221,166 −2.3 0.13 4.0 × 10−9 NPR1 (disease resistance27,50)
50 10 133,028,937 57.1 −0.05 3.0 × 10−14

51 10 144,732,895 83.9 −0.08 6 × 10−20

SNP number refers to positions in Figure 2. Chr., chromosome.
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and integrating this knowledge to explain what mechanisms underlie 
quantitative resistance to necrotrophic pathogens in higher plants.

URLs. NCBI, http://www.ncbi.nlm.nih.gov/; MaizeSequence, http://
www.maizesequence.org/; INTERPROSCAN, http://www.ebi.ac.uk/
Tools/InterProScan.

MeTHodS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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oNLINe MeTHodS
The NAM population comprises 5,000 F5:6 RILs derived from crosses between 
B73 and 25 diverse inbred lines. B73 was selected as the reference line for its 
ubiquity in maize inbred line development and its sequenced genome10,11,51. 
Other parents were chosen to maximize allelic diversity on the basis of simple 
sequence repeat marker data52. B73 was crossed to each of the 25 inbred lines, 
and six generations of self-fertilization without selection were used to create 
RILs. Each RIL descended from a unique F2 plant9. We derived 200 RILs from 
each family, leading to a population size of 5,000 lines. SNP genotyping later 
showed that some lines had >8% heterozygosity or contained nonparental 
alleles; these lines were dropped from data analysis, resulting in 4,699 RILs 
in the data set.

The NAM panel was evaluated for SLB resistance in randomized trials 
across three environments (Supplementary Note), two of which coincided 
with those used for the NAM flowering-time evaluation reported10. About 
10% of plots were planted to replicate check founder lines to control within-
environment spatial variability. The lines were exposed to C. heterostrophus 
naturally in one environment and were inoculated artificially in the other two. 
After flowering, plots were scored for severity of SLB symptoms twice, through 
assessment of number and area of lesions on the leaf closest to the ear (‘ear 
leaf ’), and the leaf immediately above the ear leaf. Disease scores were given 
according to a nine-point scale, on which a higher score indicate greater SLB 
susceptibility17. DTA, the time between planting and 50% of the plants in a 
plot shedding pollen, was also recorded on each plot.

To minimize the effects of environmental variation, BLUPs of each NAM 
line were used for QTL mapping. We used ASReml version 2 software53 to 
implement a multivariate mixed model, treating the disease scores at the 
two time points on each plot as distinct traits (Supplementary Note). We 
 predicted each RIL’s genetic effect on SLB score at each time point after remov-
ing effects of environments and spatial field effects from this model. Plant 
maturity also affects SLB54, therefore DTA was used as a linear and quad-
ratic covariate to minimize confounding effects of maturity on SLB scores.  
The SLB index score for each RIL was computed as the average of its BLUPs 
for the two disease ratings.

Genotyping and map construction were done by McMullen et al.9. Joint 
linkage mapping was implemented as described10. Genome-wide associa-
tion analysis was carried out by projecting founder SNP genotypes from the 
maize HapMap12 on RILs11,13. All SNPs on a given chromosome were tested 
on residual phenotypic values resulting from a model containing all identified 
QTLs outside of the tested chromosome. Forward regression was conducted 
on the complete RIL dataset one chromosome at a time (after removing the 
effects of QTLs mapped on other chromosomes) to identify SNPs significant at 
P < 0.0001. In addition, 100 subsample data sets, each containing 80% of each 
family, were analyzed in the same way13,21. SNPs detected as significant in at 
least five subsamples (BPP ≥ 0.05) were considered for further testing.

All SNPs detected with either forward regression or subsampling were tested 
for inclusion in a single final model (Supplementary Fig. 5). SNPs outside of 
QTL support intervals were tested for significance in the context of the com-
plete 32-QTL joint linkage model. Each SNP within a QTL support interval 
was tested for significance in the context of a 31-QTL joint linkage model 
that did not include the surrounding QTLs. All QTLs significant at P < 0.0001 
in these tests plus the five QTLs that did not include significant SNPs were 
included in a final stepwise regression analysis with significance thresholds 

to enter or leave the model of P = 0.0001. SNPs were considered as candidate 
genes for detailed sequence homology analysis if they were included in the 
final SNP plus QTL regression model. The predictive value of the QTL model 
was assessed by predicting SLB index values of founders on the basis of the 
allelic effects estimated in their progeny RILs. Founder values were predicted 
by summing their respective RIL population mean and their corresponding 
allelic effects at all 32 allelic effects, multiplying by a factor of two (because 
founders are homozygous, carrying two identical alleles at each QTL) and 
adding this sum to the intercept of the joint linkage model. A similar predic-
tion was carried out based on the final SNP plus QTL model. The predictions 
were then evaluated by regressing the observed founder SLB values on the 
model predictions.

We computed LD between selected SNPs of greatest interest in the final 
GWA model and all other SNPs on the same chromosome. LD in the founder 
generation was computed based on the 25 founder HapMap SNP genotypes. 
LD expected in the RIL generation was computed by calculating the expected 
frequency of haplotypes in the NAM population given the haplotype frequen-
cies in the founder generation and the expected recombination frequency for 
each pair of SNPs. The expected recombination frequency was computed by 
first estimating the NAM centimorgan map position of each HapMap SNP 
based on its physical position, using its relative physical distance from its flank-
ing NAM map markers. The RIL centimorgan map distance was converted to 
a single meiosis (F2 generation) recombination frequency using the Haldane 
mapping function. The F2 generation recombination frequency was then used 
to compute the RIL generation recombination frequency as described55. The 
frequency of the doubly non-B73 SNP allele haplotype (1,1) in the RIL genera-
tion was then computed as: 

freq freqRIL RIL P RIL( , ) ( , )1 1 1 2 1 1 2 1 1= −( )( ) + ( )( )r r p q ,

where rRIL is the expected recombination frequency in the RIL generation, 
freq(1,1)P is the frequency of the (1,1) haplotype in the founders, and p1 and 
q1 are the frequencies of the non-B73 allele at the two SNPs. LD computations 
and graphics were carried out with R56.

The coding sequences from which each SNP in the final model originated or 
from the two predicted genes flanking it (if the SNP is in a noncoding region) 
were investigated through use of protein-protein BLAST against the NCBI 
nonredundant protein database (see URLs). Information at MaizeSequence 
and/or the INTERPROSCAN program was used to identify conserved domains 
in the candidate protein sequences (see URLs).

51. Schnable, P.S. et al. The B73 maize genome: complexity, diversity, and dynamics. 
Science 326, 1112–1115 (2009).

52. Liu, K. et al. Genetic structure and diversity among maize inbred lines as inferred 
from DNA microsatellites. Genetics 165, 2117–2128 (2003).

53. Gilmour, A.R., Cullis, B., Gogel, B., Welham, S.J. & Thompson, R. Asreml User’s 
Guide. Release 2.0 (VSN International, Hemel Hempstead, UK, 2005).

54. Hooker, A.L. Southern leaf blight of corn present status and future prospects.  
J. Environ. Qual. 1, 244–248 (1972).

55. Haldane, J.B.S. & Waddington, C.H. Inbreeding and linkage. Genetics 16, 357–374 
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