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Genetic Properties of the Maize
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Maize genetic diversity has been used to understand the molecular basis of phenotypic variation
and to improve agricultural efficiency and sustainability. We crossed 25 diverse inbred maize lines
to the B73 reference line, capturing a total of 136,000 recombination events. Variation for
recombination frequencies was observed among families, influenced by local (cis) genetic
variation. We identified evidence for numerous minor single-locus effects but little two-locus
linkage disequilibrium or segregation distortion, which indicated a limited role for genes with large
effects and epistatic interactions on fitness. We observed excess residual heterozygosity in
pericentromeric regions, which suggested that selection in inbred lines has been less efficient in
these regions because of reduced recombination frequency. This implies that pericentromeric
regions may contribute disproportionally to heterosis.

he majority of phenotypic variation in nat-

ural populations and agricultural plants and

animals is determined by quantitative ge-
netic traits (/). Maize (Zea mays L.) exhibits ex-
tensive molecular and phenotypic variation (2—4).
Understanding the genetic basis of quantitative
traits in maize is essential to predictive crop im-
provement. However, only slow progress has been
made in identifying the genes controlling quan-
titative agronomic traits because of limitations
in the scope of allelic diversity and resolution
in available genetic mapping resources. Linkage
mapping generally focuses on the construction
and analysis of large families from two inbred
lines to detect quantitative trait loci (QTLs) (9).
However, resolution of these QTLs can be poor
because of the limited number of recombination
events that occur during population development.
Association analysis takes advantage of historic
recombination from deep coalescent history as
linkage disequilibrium (LD) generally decays with-

in 2 kb (1, 6). However, because of the number
of single-nucleotide polymorphisms (SNPs) re-
quired and the confounding effects of population
structure, whole-genome association analysis can
be difficult in maize (4).

To provide a genetic resource for quantita-
tive trait analysis in maize, we have created the
nested association mapping (NAM) population.
NAM was constructed to enable high power and
high resolution through joint linkage-association
analysis, by capturing the best features of pre-
vious approaches (7, 8). The genetic structure
of the NAM population is a reference design
of 25 families of 200 recombinant inbred lines
(RILs) per family (fig. S1). The inbred B73 was
chosen as the reference inbred line because of its
use for the public physical map (9) and for the
Maize Sequencing Project (www.maizesequence.
org). The other 25 parents [named the 25 diverse
lines (25DL)] maximize the genetic diversity of
the RIL families (8, /0), independent of any spe-

cific phenotype. The lines were chosen to repre-
sent the diversity of maize—more than half are
tropical in origin, nine are temperate lines, two
are sweet corn lines (representing Northern Flint),
and one is a popcom inbred line (fig. S2).

The NAM genetic map is a composite map
created with 4699 RILs combined across the 25
families, representing 1106 loci, with an average
marker density of one marker every 1.3 centi-
morgans (cM) (fig. S3 and table S1). The pro-
portion of SNP loci from the composite map
polymorphic in an individual family ranged from
63 to 74%. Among RILs, 48.7% of all marker geno-
types were inherited from B73, 47.6% were in-
herited from the 25DL parent, and 3.6% were
heterozygous, which suggests that they were
broadly representative of the parents and fall with-
in the expected range for S5 generation RILs. The
NAM population captured ~136,000 crossover
events, corresponding, on average, to three cross-
over events per gene. This allows genetic fac-
tors to be mapped to very specific regions of the
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genome (/) and leads to a higher-resolution
anchoring of the physical map of maize.
Recombination varied substantially among the
25 families. The genetic length of the individual
family maps relative to the composite map ranged
from —104.3 cM (-7.4%) for B73 x Mol8W to
+269.4 cM (+19.2%) for B73 x CML228. We
attempted to map global recombination controllers
by treating the number of crossovers in each in-
dividual line as a phenotypic trait (/2). However,
despite our high statistical power and diversity,
we found no shared controllers of recombina-
tion; in contrast, shared QTLs for other traits were
common (/7). By examining individual families,
we found evidence for loci controlling whole-
genome or individual chromosome recombination
at only a 50% or greater false-discovery rate

(FDR). Five of the eight loci showing the strongest
effects control recombination in cis, which sug-
gested that they are structural variants that modify
recombination for specific chromosomes within
specific families. The absence of loci with genome-
wide effects on recombination suggests that the
observed differences in recombination rates were
because of numerous, but localized, regions of
variation, as suggested by studies of individual
families (/3—-15). We used a sliding window (4
to 6 ¢cM) to examine differential recombination
across the 25 families. The average interval had a
2.9-fold difference in recombination rate between
the highest and lowest families, however, some
intervals exhibited as much as 30-fold differences
for recombination rate across families (Fig. 1).
Overall, 41% of intervals showed significant dif-
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Fig. 2. Segregation distortion within individual NAM

families. Each column represents one NAM family,

the 25DL parent is indicated above the column. Red family names represent those with the 25DL parent
from tropical origin. Each family consists of 1116 intervals, with the values of nonpolymorphic or missing
marker data inferred on the basis of flanking marker values. Horizontal lines indicate the positions of
chromosome boundaries for chromosomes 1 to 10, top to bottom. The proportion of B73 alleles for an

interval is indicated by the color scale. The positions o

f the gal and sul genes (22, 24) are indicated.

ferences (P < 0.05) in the number of recombina-
tion events across the 25 families (fig. S4).

Across families, we did not observe a normal
distribution in differential recombination frequency;
the maximum increase relative to the consensus
was twofold, whereas recombination was repressed
by more than 20-fold in specific regions among
specific families. Although recombination does
not occur in retrotransposon clusters between
genes, differences in the presence or absence of
these clusters (which are ubiquitous among maize
inbred lines), can result in at least threefold dif-
ferences in recombination rates within flanking
genes (/6). Although these differences in non-
genic content may explain many of the observed
differences in recombination frequency, it seems
less likely that they explain the virtual elimination
of recombination within 6-cM+ intervals within
specific families. Rather, we suspect that previ-
ously uncharacterized inversions may be respon-
sible for some of the larger differences observed.
For example, for one region on chromosome 5
that represents more than 12 ¢M of the composite
map, we recovered no recombination events in
either the B73 x CML322 or B73 x CML52
families, which suggested the presence of a large
inversion of this region in CML322 and CML52
relative to B73.

These differences in recombination among
families hinder efforts to understand the genetic
basis of quantitative traits in maize. All compari-
sons across mapping populations either by meta-
analysis approaches (/7) or joint-linkage mapping
or joint association-linkage mapping, as with
NAM, are confounded by this phenomenon, be-
cause these methods assume consistent recombi-
nation frequencies across families. The differences
in recombination rates among families also in-
dicate that map-based gene cloning projects
need to be conducted in genetic backgrounds
that demonstrate high recombination rates in the
target region.

We developed one-third of the lines for each
family under different environmental conditions
to minimize inadvertent selection (/8). However,
because the final RILs resulted from 50,000
meioses and only 22% of the original F, plants
produced an S5 RIL, the surviving lines were
unavoidably subjected to selection for multiple
generations. Of all the chromosomal segments,
97% were represented by parental alleles at 45 to
55% frequency, close to the expectation of 50%
(fig. S5). Within individual families, 17% of the
markers exhibited segregation distortion at P <
0.05, 8.9% at P < 0.01, and 4.0% at P < 0.001
(Fig. 2), less than has been reported for individual
mapping populations (/9-27). Within individual
families, only 0.17% of all possible donor-marker
combinations had less than 50 donor alleles,
which demonstrated that diversity was effectively
captured. We saw no bias of selection for temper-
ate alleles, because the 13 families from tropical
origin averaged less distorted markers than the
total [7.8% for tropical families vs. 8.9% over-
all, (P <0.01)].
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0 e ?lo 80 goi 1!0 nio 1!0 Fig. 3. Segregation distortion across and among

NAM families. The red line indicates the —log P for
the 2 value for segregation of B73 versus 25DL
parental alleles summed over all families (composite
test). The blue line indicates the —log P for the x?
value for segregation within families. Points indicate
the center position of each interval tested. The white
box indicates the approximate position of the
centromere. The arrows indicate the positions of the
10 most significant QTLs for days to anthesis (11).
The black chromosome bar indicates regions with no
significant segregation distortion, purple distortion
favoring B73, or green distortion favoring the 25DL
parent allele at P < 0.05 in the composite test.
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Fig. 4. The proportion of marker geno- 0.067
types that are heterozygous are shown as
calculated for the area within 10 cM on > ©-05]
each side of the centromere compared with N
.. o 0.041
the remaining chromosome arms. Black
bars are within 10 cM on each side of the g 0.031
centromere position; hatched bars repre- g
sent the rest of the chromosome. g 0.021
g 01
[T
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We believe that four of the five most dis-
torted regions within specific families are ex-
plained by known genetic factors. Gametophyte
factor 1-strong allele (Gal-S) (22), which ex-
cludes gal pollen from fertilizing ovules of
Gal-S, causes the distortion on the short arm
of chromosome 4 for the Hp301 family (x> P =
1.7 x 10~"°) (Fig. 2). The distortion on chromo-
some 5 of the Hp301 family probably results
from a second gametophyte factor, ga2 (23).
Two sweet corn lines (I114H and P39) show
distortion on chromosome 4 against the sugaryl
(sul) allele, which causes the sweet corn phe-
notype but can exhibit reduced germination vigor
(24). We also observed substantial distortion in
three families: M37W, Oh7B, and Tzi8 on a 65-
to 110-cM region of chromosome 2 with a 2:1
bias favoring the B73 allele, perhaps because of
QTLs for delayed flowering (/7). No candidate
for the major distortion on chromosome 5 in the
CML322 family was identified. We attempted
to map potential QTLs for trans-acting controllers
of segregation distortion in individual popu-
lations but found none; it seems that selection
operates directly on specific blocks of linked
alleles.

We also tested whether specific regions of
the genome show consistent segregation dis-
tortion favoring or disfavoring the B73 allele
compared with other parental alleles (Fig. 3).
This test includes all 4699 lines, and indeed,
we found that 54% of the markers were dis-
torted (P < 0.05) by at least slight selection for
or against B73 alleles, but few loci were under
strong selection. Additionally, among-family seg-
regation with a x> test of B73 versus specific
25DL alleles showed that chromosome 4, con-
taining both the ga/ and su! distortions, creates
a large among-family distortion. However, we
observed lower overall B73 versus 25DL distor-
tion, most likely because of the different direc-
tion of bias of gal and sul, which cancel in the
composite analysis. We saw little correspondence
between flowering-time QTLs and regions of seg-
regation distortion (Fig. 3).

Because these RIL families were derived from
inbred lines, one might expect relatively few large
single-locus effects for fitness and distortion. How-
ever, we expected epistasis to play a role in the
creation of these new RILs, such that specific
two-locus allelic combinations would be favored,

740

Chromosome

resulting in LD between certain unlinked loci. We
surveyed two-locus LD for all pairs of markers on
separate chromosomes, first, by comparing B73
alleles to all others from the complete set of 25
families. Marginally significant LD was observed
between chromosome 6 and 7, but with a max-
imum # of only 0.005, a trivially small effect.
Second, we tested LD within each population sep-
arately; among the 13.6 million tests, the highest
level of LD was 2 = 0.13, about what is ex-
pected by chance. Despite our tremendous di-
versity and statistical power, we saw virtually no
evidence of epistatic effects on fitness in the NAM
population.

The rate of evolution from natural selection
or genetic gain from plant breeding for complex
traits can be limited by repulsion phase linkages
among favorable alleles [Hill-Robertson effect
(25)]. Although maize has had a very large pop-
ulation size throughout most of its evolution, ef-
fective population sizes have been modest during
the last century of inbred line development. One
prediction of the Hill-Robertson effect is that
favorable alleles have a higher chance of being in
repulsion LD in regions with limited recombina-
tion. If such alleles exhibit dominance, then low-
recombination pericentromeric regions should be
under higher selective pressure to maintain het-
erozygosity. In NAM, residual heterozygosity av-
eraged 4.1% for the 343 markers within 10 cM
of the centromeres and averaged 3.2% for the
763 markers outside the centromeres, a 30% in-
crease in pericentromeric regions. We found higher
levels of heterozygosity near centromeres on all
10 chromosomes (P < 0.0004) (Fig. 4), which
suggested that selection favors heterozygosity in
pericentromeric regions, perhaps because re-
combination in these regions has been insuffi-
cient to combine the optimal alleles. When B73
was mapped to identify heterotic regions (26),
half of the largest QTL associated with centro-
meric regions, including a major QTL on chro-
mosome 5 consisting of at least two distinct
genes in repulsion phase linkage affecting yield
(27). We observed high levels of residual hetero-
zygosity in this region as well. We speculate that
these data support the dominance theory of
heterosis and that the increase in heterozygosity
near centromeres is a consequence of heterosis.
This heterosis is most likely the product of pseudo-
overdominance that is most pronounced in peri-

centromeric regions, where the Hill-Robertson
effect is strongest.

There were two striking and biologically signif-
icant discoveries in this project that impact maize
breeding. The first was the extensive localized
differences in recombination rates among families.
We intend to genotype NAM at a much higher
density to determine the structural bases of these
differences. High-density genotyping in a large
human pedigree has revealed extensive variation
in use of recombination hotspots among indi-
vidual families (28), similar to the variation we
have revealed for maize. The second major
finding was strong experimental support for the
Hill-Robertson effect and the implications in
understanding the basis of heterosis in maize.
As similarly structured populations are devel-
oped for other model and crop species, it will be
of interest to see if these findings are general or
more specific to the demographic and breeding
history of maize.
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