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ABSTRACT - Inheritance of the basic morphological differ-
ences between primitive maize and teosinte is mainly con-
trolled by genes falling within five or six regions of the
maize genome. Herein, we focus on one of these regions,
the short arm of chromosome 1, for which we created a
nearly-isogenic line (NIL) consisting of a teosinte chromo-
some segment (T1S) introgressed into maize inbred line
(W22). By crossing this NIL with W22 and then selfing for
6 generations, 135 nearly isogenic recombinant inbred
lines (NIRILs) were recovered for the T1S chromosomal
region. We mapped the cross-overs within the T1S seg-
ment for each NIRIL and collected phenotypic data for do-
mestication and other traits on each NIRIL. Using these da-
ta, we mapped 15 quantitative trait loci (QTLs) controlling
several domestication, developmental, and seed-related
traits. The proportion of the phenotypic variance ex-
plained by the QTLs for a trait ranged from 7% to 65% and
the direction of the effects of most QTLs agreed with the
expectation that teosinte alleles should be associated with
teosinte-like phenotypes. Most QTL for domestication-re-
lated traits co-localized to the same 15 cM region near the
center of the introgressed segment. These QTL could rep-
resent either a single major gene with pleiotropic effects
or several tightly linked genes. Positional cloning studies
are now underway to distinguish these two hypotheses.

KEY WORDS: Domestication; QTL, Quantitative Trait Loci;
NIRIL, Nearly isogenic recombinant inbred line; Teosinte;
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INTRODUCTION

Despite the fact that maize (Zea mays ssp. mays)
and its closest relatives, the annual teosintes (Z.
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mays ssp. parviglumis and ssp. mexicana), belong
to the same biological species, they differ strikingly
in their morphology, particularly of their female in-
florescences or ears (DOEBLEY, 2004). Since maize
exists only as a cultivated plant and teosinte is only
known as a wild plant, Beapie (1972, 1980) pro-
posed that maize is a domesticated form of teosinte
and that their morphological differences resulted
from human selection during domestication. BEADLE
(1972, 1980), using an F, population of 50,000
plants from a cross between Z. mays ssp. mexicana
(race Chalco) and the primitive maize race Cha-
palote, reported that maize-like and teosinte-like
segregants were recovered at a frequency of 1/500.
From this, he deduced that five major and inde-
pendently inherited genes distinguish maize and
teosinte and thus he viewed the origin of maize as
the result of a small number of mutations each of
major phenotypic effect.

Over the past 15 years, our research group has
carried out a series of quantitative trait locus (QTL)
mapping experiments to study the inheritance of
the key traits distinguishing maize and teosinte
(DoEBLEY, 2004). Following Beadle’s logic, we ini-
tially used primitive maize races (Chapalote and
Reventador) as the maize parents of our maize-
teosinte populations, allowing us to map genes in-
volved in maize domestication instead of those in-
volved in maize improvement (DOEBLEY el al., 1990,
1994, 1995; DoEBLEY and STEC, 1991, 1993). For the
key traits that distinguish the inflorescences of
maize and teosinte, we found a total of 50 and 64
significant QTLs in the Reventador x teosinte (ssp.
parviglumis) and Chapalote x teosinte (ssp. mexi-
cana) populations, respectively. In these two popu-
lations, large effect QTLs were found in only six
chromosomal regions (chromosomes 1S, 1L, 2S, 3L,
4S, and 5S) which control the key differences be-
tween maize and teosinte. These results are remark-
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ably concordant with Beadle’s hypothesis that the
major differences between maize and teosinte result
from the actions of about five major genes. Howev-
er, they do not rule out the possibility that the dif-
ferences could result from the effects of a small
number of blocks of multiple linked QTLs.

Formal proof that a single, major gene underlies
each strong domestication QTL peak is provided if
the causative factor can be positionally cloned. To
date, the genes underlying two of the major domes-
tication QTL have been successfully cloned, b1
(DoEBLEY et al., 1997) and tgal (WANG et al., 2005).
These two genes are currently under active investi-
gation to shed light upon their modes of molecular
action and their roles in the evolution and domesti-
cation of maize. To determine if the remaining four
major domestication QTL represent single major
genes or tightly linked groups of genes each with
small effects, we initiated fine-mapping studies by
developing four near-isogenic lines (NILs). Each NIL
has one of the teosinte genomic regions of interest
isolated in a common maize (inbred line W22) ge-
netic background. Each NIL was crossed again to
W22 and a population of nearly isogenic recombi-
nant inbred lines (NIRILs) was developed with re-
combination events distributed throughout the intro-
gressed region of interest.

In this study, we focus on the NIRIL population
constructed to allow mapping within the teosinte in-
trogression on the short arm of chromosome one
(T1S). In previous studies (DOEBLEY el al, 1990;
DoEeBLEY and STEC, 1991, 1993; BRIGGS et al., 2007),
this chromosomal region has been repeatedly asso-
ciated with the multiple domestication traits. The
newly constructed NIRIL population was pheno-
typed for domestication, developmental, and ker-
nel-related traits and genotyped with a set of PCR-
based markers (SSRs and indels) in order to confirm
previously detected QTLs, refine their locations and
facilitate their future positional cloning.

MATERIALS AND METHODS

Plant materials

A maize near isogenic line (NIL) was developed by intro-
gressing a teosinte Zea mays L. ssp. parviglumis (Iltis and
Cochrane collection 81) chromosome 1 short arm (T1S) segment
into the maize inbred line W22 via six generations of backcross-
ing, followed by one generation of selfing to recover a T1S ho-
mozygote. During the creation of this NIL, molecular markers
were used both to follow the target chromosomal segment of the
chromosome 1 short arm as well as to eliminate teosinte chromo-
some segments at other major domestication QTL identified by

DoeBLEY and Stec (1993). This NIL (W22-T1S) was then crossed
to W22 to develop a population of nearly isogenic recombinant
inbred lines (NIRIL). From a single F; plant of this cross, 135 F,
plants were selfed for five additional generations to create a set
of 135 highly, but not completely, homozygous NIRILs.

Molecular markers and linkage map construction

To guide the introgression of the T1S genomic segment into
the W22 background, we employed six RFLP loci from the T1S
region (php20640, ts2, umclla, umci3, umc76a, umcls7ja) that
were previously shown by DoeBLEy and Stec (1993) to associate
with several domestication related traits. To genotype the 135
NIRILs, we assembled a set of 72 PCR-based markers (56 SSRs
and 16 indels) using the positions of the six RFLP loci on the
IBM2 (intermated B73 x Mol7 population) map available at the
Maize Genetics and Genomics Database as a guide (LAWRENCE et
al., 2007). Of these 72 markers, 25 (24 SSRs and 1 indel; see Re-
sults for the marker names) were polymorphic and used to geno-
type the 135 NIRILs. The resulting data were used to construct a
genetic map with the aid of the software JoinMap v 3.0 (vaN OoI-
JEN and VOORRps, 2001).

For the 3375 genotypes (25 markers x 135 lines), 5.2% of the
genotypes were heterozygous and another 1.9% had missing da-
ta. Excluding cross-overs involving the heterozygous markers,
there were a total 139 cross-overs in the data set or slightly more
than one per line. The distribution of cross-overs among lines
was as follows: 0 (15 lines), 1 (57 lines), 2 (27 lines), 3 (8 lines)
and 4 (1 line).

Pbhenotypic data collection

The NIRILs, along with their parents (W22 and W22-T1S),
were each grown in single rows containing 10 plants per row in
a completely randomized block design with three replicates at
the University of Wisconsin West Madison Agricultural Research
Station, Madison, WI, USA during summer 2005.

The following ten traits were evaluated: days to pollen (DTP;
number of days after planting when 50% of the plants in a row
were shedding pollen), plant height (PLHT; the distance, in cm,
from the ground to the tip of the tassel), tillering (TILL; the ratio
of the sum of tiller heights/plant height), ear number (EN; num-
ber of ears showing silk on a plant), ear length (EL; distance, in
cm, from the base to the tip of the ear), ear diameter (ED; diame-
ter, in cm, of the midsection of each ear), 10-kernel length (10KL;
length, in cm, of 10 consecutive kernels in a single rank along the
ear), cupules per rank (CUPR; number of cupules in a single rank
from base to the tip of the ear), kernel weight (KW; kernel
weight, in mg, derived from the average weight of 50 kernels),
and kernel type (KT; 0 = non-dent, 1 = semi-dent, 2 = dent). The
latter six traits were all measured on the uppermost, well-formed
ear of each plant. In contrast, DTP was evaluated for an entire
row and each of the remaining three traits, PLHT, TILL, and EN,
were averages from approximately five plants per row. We con-
sider TILL, EN, EL, ED, CUPR, 10KL, KT and KW to be domestica-
tion and improvement traits, and DTP and PLHT to be diversifica-
tion traits (under selection during the diversification of maize).

Data analysis

To estimate least-square means for each NIRIL, we used the
MIXED procedure of SAS (LiTTeLL et al., 1996). NIRIL (or parental)
lines were considered as fixed effects while replicates (rows; also
referred to as plots) and samples (plants) within NIRIL or parental
lines were treated as random effects. The linear model used was
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Yip=m+ a;+ b+ e;+ dy,

where Yy, is the trait value for the kth plant in the jth block on
the ith NIRIL, m is the overall mean of the experiment, a, is the
NIRIL (or parental) line effect, bj is the block effect, ey is the ex-
perimental error (random variation among plots), and dj, is the
(within-plot) sampling error. The least-square means estimates
for each trait were used to calculate phenotypic correlations us-
ing the SAS CORR procedure (Sas INsTITUTE, 2000) and as pheno-
types in the QTL mapping analyses. The significance of each
phenotypic correlation was determined via a t-test of the coefti-
cient of correlation (EpwarDS, 1976), using the Bonferroni-Holm
sequential method (Ricg, 1989) to adjust the significance levels
and thereby account for multiple testing. We calculated broad-

sense heritabilities (/2 on a plot-basis as
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where oé is the genotypic variance, ng,:e is the genotype x envi-
ronment interaction variance, and o2 is the experimental error
variance. We used the MIXED procedure of SAS to fit a linear
random-effect model for the estimation of the variance compo-
nents (LITTELL ef al., 1996).

QTL mapping was conducted in the R/qtl module of the R
statistical computing package (Broman e al, 2003). For each
trait, an initial QTL scan was performed using simple interval
mapping with a 1 ¢cM step (LANDER and BoTsTEIN, 1989) and the
position of the highest LOD score recorded. Statistical signifi-
cance of the peak LOD score was assessed using 10,000 permu-
tations of the data (DoerGe and CHURCHILL, 1996). Then, the posi-
tion and effect of the QTL was refined using the multiple-imputa-
tion method (SEN and CHurchil, 2001) by executing the
“sim.geno” command (0.5 cM steps, 7000 joint genotype distribu-
tion imputations, and an assumed genotyping error rate of
0.001), followed by the “fitqtl” command. To search for addition-
al QTL, the “addqtl” command was used. If a second QTL was
detected, then “fitqtl” was used to test a model containing both

QTL and their interaction effect. If both QTL remained signifi-
cant, the “refineqtl” command was used to re-estimate the QTL
positions based on the full model including both QTL. Interac-
tion effects were never significant and thus not included in the
full model. Finally, each QTL was removed from the model and
then added back using the “addqtl” command to re-confirm its
significance and position. Approximate confidence intervals for
the locations of the identified QTL were obtained via 1.5 LOD
support intervals to each side of the position of the LOD maxi-
mum. Since R/qtl does not allow heterozygous genotypes for
RILs, heterozygous genotypes were converted to missing data.
The phenotypic and genotypic data from this paper are available
on-line at www.panzea.org (ZHAO et al., 2006) or from the corre-
sponding author.

RESULTS

Quantitative trait variation

Significant phenotypic variation among NIRILs
was detected for all the traits reported here; addi-
tional traits (disarticulation of the ears, pedicellate
spikelet, and rank) were also measured but did not
display significant variation (data not shown). Most
of the reported traits appeared to be normally dis-
tributed, with the exception of days to pollen and
number of ears, which were slightly skewed toward
maize phenotypes (Fig. 1). For all the traits, the
parental lines had phenotypic values close to the
average value of the NIRILs. The highest phenotypic
correlations (7p) were found among some of the do-
mestication and improvement traits such as KW,
CUPR, ED, and EL; longer ears tended to have more
cupules in a single rank and heavier kernels tended
to be found on ears of greater diameter (Table 1).

TABLE 1 - Heritabilities and phenotypic correlation coefficients among traits.

Days to Pl:ant Tillering Number ‘ Ear Cupules  10-kernel Kernel Ker.nel

Pollen height of ears length diameter  per rank length type weight
Heritability 2 0.52 0.42 0.34 0.24 0.68 0.52 0.66 0.41 0.55 0.72
Days to pollen -0.20 0.16 0.15 0.21 -0.49 0.19 0.21 -0.47 -0.62 "
Plant height -0.03 -0.07 0.10 0.22 0.07 -0.17 0.10 0.17
Tillering 0.13 -0.11 -0.12 -0.10 0.03 -0.21 -0.20
Number of ears -0.19 0.00 -0.06 -0.06 -0.10 -0.03
Ear length -0.46 *** 0.87 *= 0.03 -0.460 *** -0.48
Ear diameter -0.49 *= -0.02 0.55 *** 0.74 **=*
Cupules per rank -0.24 -0.39 == -0.58 ***
10-kernel length -0.15 0.10
Kernel type 0.55 **=*

4 Heritabilities were calculated on a plot-basis.

¥, **# Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. Significance levels were corrected for multiple testing ac-

cording to the Bonferroni-Holm sequential method.
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Late-flowering lines tended to have slender ears,
less dented and smaller kernels as reflected by the
phenotypic correlations between these traits and
DTP. In contrast, plant height, tillering, ear number,
and 10-kernel length did not show any significant
correlations among themselves or with the other
traits (Table 1). Heritabilities of the traits are low to
moderate, ranging from 0.24 to 0.72 (Table 1).

QTIL analysis

The genetic map of our 25 PCR-based markers
spanned 68.4 ¢cM across the introgressed T1S genom-
ic region (Fig. 2). In total, 15 significant QTLs were
detected within this region for the ten traits exam-
ined in this study (Table 2). For five of the 10 traits,
we detected two QTL per trait which in some cases
were surprising close together. For example, kt1.17
and kt1.2 are only 14 cM apart and dip1.1 and
dip1.2 are only 25 cM apart. The percentage of the
phenotypic variation (R9) explained by an individual
QTL ranged from 6.6 (10kl1.1) to 52.3 (kwl.1). The
directions of allelic effects at most of the QTLs
agreed with the expectation that the teosinte (T) alle-
les should be associated with teosinte-like pheno-
types and the maize (M) alleles with maize-like phe-
notypes. The exceptions to this expectation were the
effects of the T alleles for e/1.1, cupri.1 and cupri.2,
all traits that measure aspects of ear length (Table 2).
A comparison of heritabilities to the RZ values for the
QTL shows that the QTL usually explain most but
not all of the genetic variation (Tables 1 and 2). For
example, dip1.1 and dip1.2 explain 46% of the varia-
tion for flowering time and this trait has a heritability
of 52%. However, cupri.1 and cupri.2 explain only
33% of the variation for cupules per rank and this
trait has a heritability of 66%.

For the eight domestication and improvement
traits, we detected 12 QTL. Since the LOD threshold
(p = 0.05) was between 1.66 and 1.78 for all traits
and all of the LOD scores except one are greater
than 4.0, these QTL have strong statistical support
(Table 2). Nevertheless, many of these QTL have
relatively small effects in terms of the difference be-
tween the maize and teosinte homozygous classes,
i.,e. twice the additive effect. For example, #ill1.1
adds only 0.3 tillers, ed7.1 decreases ear diameter
by only 2 mm, and e/7.7 increases ear length by on-
ly 1 cm. A few QTL have relatively large effects. For
example, kwli.1 produces a difference of 26 mg in
kernels that weight about 180 mg or a 14% change.
cupri.1 adds about 2.3 cupules per rank. Since
there are two kernels per cupule and 7 ranks of

GLAUBITZ, AJ. STUDER, J. DOEBLEY

V+V i TW
30 25 Y
25 20
20 15
10 10
5 5
" 79 81 83 85 87 89 "156 164 172 180
Days to pollen shed Plant height
w
30 45 v i
T
25 + 35
£15 £25
— —
10 15
5 5
0.4 0.8 1.2 1.6 2.0 " 18222630 34
Tillering Number of ears
T W T
45 VY 50 Y W
35 40 \J
825 0230
& £
15 H20
5 10 -
13 15 17 19 " 32 34 36 38
Ear length Ear diameter
w
30 w 50 ¥
25 v 40 T
T
g20 v 430 v
£15 £
10 —20
5 10
30 34 38 42 39 41 43 45
Cupules per rank Length of ten kernels
w
45 30 $ Y
35 T 25
) v w .20
£s \ fis
— —
15 10
5 5

04081.21.6 2.0
Kernel type

" 7130 150 170 190 210 230
Kernel weight

FIGURE 1 - Frequency distributions of the nearly isogenic recom-
binant inbred lines (NIRILs) least-square means of the 10 traits
reported in this study. The arrows indicate the positions of in-
bred W22 (W) and the W22-T1S introgression line (T).



TABLE 2 - Quantitative trait loci detected.

CHARACTERIZATION OF DOMESTICATION QTL ON 1S

Trait QTL Position (cM) LOD# Markera C.I. (cM)2 Additive effectP R
Cupules per rank cupril.1 40.5 9.71 bnlg1083 326 - 456 1.14 cupules 27.9
Cupules per rank cuprl.2 68.4 6.03 umc1598 515 - end 0.93 cupules 18.4
Cupules per rank Model - 12.19 2.07 33.6
Days to pollen dip1.1 10.9 13.05 ume2225 68 - 207 1.21 days 30.8
Days to pollen dip1.2 35.4 11.51 ume2204 320 - 41.0  1.11 days 32.1
Days to pollen Model - 18.50 2.32 46.3
Ear diameter ed1.1 45.6 16.50 bnlg1803 428 - 49.1 -0.08 c¢cm 42.8
Ear length ell.1 42.8 7.81 bnlg1803 331 - 456 0.54 cm 23.1
Ear number enl.1 18.1 4.83 umcl1166 7.8 - 245 0.10 ears 15.0
Kernel type kt1.1 22.8 17.11 umc1070 17.6 - 284 -0.27 43.7
Kernel type kt1.2 30.4 17.22 umc2204 320 - 473 -0.20 43.9
Kernel type Model - 21.67 -0.53 51.7
Kernel weight kwi. 1 36.9 22.03 umc2204 32.6 - 422 -13.04 mg 52.3
Kernel weight kwl.2 59.9 17.03 AY106592 578 - 061 -12.16 mg 43.6
Kernel weight Model - 30.84 -25.20 64.5
Plant height plbt1.1 5.8 6.14 ume2224 0.6 - 103 -2.28 cm 18.7
Tillering till1.1 42.2 5.11 bnlg1803 337 - 593 0.15 tillers 15.9
10-kernel length 10ki1.1 8.8 2.00 umc2224 0.6 - 19.1 0.03 cm 6.6
10-kernel length 10kI1.2 68.4 5.05 umc1598 65.0 - end -0.05 cm 15.7
10-kernel length Model - 9.08 -0.02 27.9

4 Peak LOD, closest marker to the peak LOD, and the 1.5-LOD confidence interval (C.I.) for significant QTL (significance based on 10,000-

permutations).

b Additive effect was estimated as (QTQT - QMQM)/2, where QTQT and QMQM represent the mean phenotypes of NIRILs for teosinte and
maize genotypes at a QTL position. The sign of the additive effects corresponds to the direction of effect of the teosinte allele on the phe-

notype.

¢ R2js the percentage of phenotypic variation explained by the QTL.

cupules on the ear, this translates to an increase of
32 kernels per ear.

Inspection of Fig. 2 suggests that the domestica-
tion-improvement QTL are somewhat clustered near
the center of the introgressed teosinte segment.
First, for three of the domestication and improve-
ment traits (EL, ED and TILL), only a single QTL
was detected and these three QTL all map to the
same region near the center of the T1S introgression
between positions 35 - 50 ¢cM (Fig. 2; Table 2). Sec-
ond, for three other domestication-improvement
traits (CUPR, KT, and KW), two QTL each were de-
tected and the QTL of largest effect of each pair
was located in the same chromosomal segment be-
tween positions 35 and 50 ¢M (cupri.1, kwl.1 and
kt1.2, Fig 2, Table 2). Thus, this 15 ¢cM segment har-
bors six domestication related QTL including the
largest effect QTL. At the top of Fig. 2, the results of
a sliding window analysis of the concentration of
domestication-improvement QTL is shown and it in-
dicates that there is a high density of such QTL be-

tween positions 35 - 50 ¢M as indicated by the in-
tensity of the gray-scale bar.

Outside of the region between positions 35 - 50
cM, there are six additional domestication-improve-
ment QTL that are scattered across the introgressed
teosinte chromosome segment. These QTL tend to
have more modest effects with smaller LOD scores
than the domestication-improvement QTL within
the 15 cM region. eni.1 is the only QTL for ear
number, accounts for only 15% of the variation, and
the teosinte allele increases ear number as expect-
ed. kt1.1 accounts for 44% of the variation in kernel
denting with the teosinte allele reducing the degree
of denting as expected. cupri.2 accounts of 18% of
the variation with the teosinte allele adding extra
cupules to the ear which is counter to the expected
direction of the effect. kw1.2 accounts for 42% of
the variation in kernel weight with the teosinte al-
lele reducing kernel weight. 70k/1.2 and 10kI1.2 ac-
count for 7 and 16% of the variation respectively
and they have effects in opposite directions.
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FIGURE 2 - Map of the 15 QTL detected in this study on chromo-
some arm 1S. Horizontal bars for each QTL represent the 1.5
LOD support interval and the narrow vertical line the position of
the peak LOD score: black-bars for domestication-improvement
QTL and hatched-bars for diversification QTL. The gray rectangle
outlines a concentration of domestication-improvement QTL be-
tween position 35 and 50 cM. At the top of the figure, the shad-
ed squares depict the relative-concentration of domestication-im-
provement QTL based on a 14 ¢cM window sliding analysis with a
2 cM step-size. QTL names are based upon the trait name abbre-
viations (see Materials and Methods) followed by the chromo-
some number; the numbers after the period enumerate the QTLs
detected for each trait. Two genetic maps are provided below
the QTL plot: the SSR map built with the NIRIL genotypes (top)
and the RFLP map used during the development of the NIRILs
(bottom). Position of each marker locus in cM is indicated.

We also mapped QTL for plant height and days
to pollen shed which are not domestication traits
but are expected to differ between W22 which is
adapted to a more northern (long-day) environment
than teosinte. The single plant height QTL, plht1.1,
explained 19% of the variation with plants homozy-
gous for the teosinte allele being 4.5 cm shorter
than maize homozygotes. Two QTL for days to
pollen shed were detected. dip1.71 explains 37% of
the variance with plants homozygous for the

teosinte allele being 2.4 days later than maize ho-
mozygotes. dip1.2 explains 32% of the variance
with plants homozygous for the teosinte allele be-
ing 2.2 days later than maize homozygotes. The
combined effect of both QTL gives a difference of
4.6 days in flowering time between the maize and
teosinte homozygous classes.

DISCUSSION

Maize and its progenitor teosinte, provide a
good system for the study of domestication QTL
since there are dramatic morphological differences
between them. Herein we focused on the role of
the short arm of chromosome 1 by constructing a
NIL containing a teosinte chromosomal segment on
this chromosome arm (T1S) introgressed into mod-
ern maize line W22 and then performing QTL map-
ping in a NIRIL population derived from a cross be-
tween this NIL (W22-T1S) and W22. This chromo-
some segment was previously identified as contain-
ing one or more QTL affecting the differences in
plant and ear morphology between maize and
teosinte (DOEBLEY el al, 1990; DOEBLEY and STEC,
1991, 1993; BRrIGGS et al., 2007).

We estimated both the heritabilities (772) of the
traits and the amount of variance explained by the
QTL (R2 Tables 1 and 2). If the QTL explained all
the genetic variance, then the RZ and H? values
would be equal for each trait. For a few traits, these
values are close. For example, for kernel type RZ is
52% and HZ is 55%. Similarly, for days to pollen
shed, R? is 46% and HZ is 52%. However, for other
traits, the values are quite different. For example,
for the number of cupules per rank, RZ is 34% and
H? is 66%. Multiple factors could contribute to this
type of difference. First, QTL elsewhere in the
genome would increase HZ but not RZ. These could
be either QTL inherited from the teosinte parent or
new mutations affecting the traits accumulated
among the NIRILs during their creation. Second, the
seed of each line came from a single ear. If the ears
for some lines had poor seed quality, then H*
would be inflated relative to R2. Third, epigenetic
differences among the NIRILs could be a factor.

These three factors might also explain two
anomalous features of the phenotypic data. First,
the trait distributions are approximately normal (Fig.
1) rather than bimodal as one might expect for a set
of NIRILs segregating for a single QTL affecting a
trait with a high heritability. Low heritability and
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variance in seed quality for the NIRILs could cause
this outcome. Second, as shown in Fig. 1, the mean
values for the W22 and W22-T1S parents are not
strikingly different relative to the amount of varia-
tion among the NIRILs for many traits. Low heri-
tability and variance in seed quality would tend to
increase the variance relative to the difference be-
tween the parent lines.

For most traits, the directions of the QTL effects
are in the expected direction with the teosinte allele
giving a more teosinte-like phenotype. Thus, the
teosinte alleles cause later flowering (dip7.1 and
dip1.2), a narrower ear (ed1.1), more ears per plant
(enl.1), less dented kernels (kt1.1 and kt1.2), small-
er kernels (kwil.1 and kwl.2), and more tillers
(till1.D). For plant height, there is no expectation for
the direction of the effect. For 10-kernel length, the
direction is also not strictly predictable since two
factors contribute in opposite directions to the differ-
ence between maize and teosinte for this trait. First,
maize has a general enlargement (gigantism) of the
ear as compared to teosinte, which suggests that the
maize allele should be associated with larger values
for 10-kernel length as seen with 70k/1.2. However,
maize also has tighter packing of the kernels due to
less elongation of the internodes (cupules) to which
the kernels are attached, which suggests that the
maize allele should be associated with smaller val-
ues for 10-kernel length as seen for 70k/1.1.

There are two traits for which the directions of
the QTL effects are clearly in the wrong direction
with the teosinte allele producing a more maize-like
phenotype. First, the teosinte alleles of cupri.1 and
cuprl.2 both add more cupules per rank, although
teosinte has fewer cupules (or kernels) along a rank
in its ears than does maize. Curiously, DOEBLEY and
STEC (1993) detected QTL for this trait in this same
chromosomal region in two different maize-teosinte
F, populations, however, their QTL acted in the ex-
pected direction. The unexpected direction of the
effects for cupri.1 and cupri.2 may be the result of
an epistatic interaction between the teosinte al-
lele(s) and the maize (W22) genetic background.
Second, the teosinte allele of el1.1 contributes to
longer ears, although teosinte has shorter ears than
maize. Since el1.1 and cupri.1 are in the same loca-
tion and both act in the wrong direction, they may
represent a single pleiotropic QTL with the addi-
tional cupules it produces adding to the length of
the ear. Cupules per rank and ear length are highly
correlated (rp = 0.9).

It may seem surprising that for five of the 10

traits we detected two QTL within the 68 c¢M intro-
gressed segment. To assess whether this result was
an artifact of the multiple-imputation method of QTL
mapping, we repeated the analysis using composite
interval mapping (CIM). CIM identified two QTL for
four of these same five traits (data not shown). The
LOD score for a second QTL at the fifth trait fell just
below the threshold for significance with CIM. Thus,
finding two QTL for some traits does not appear to
be an artifact of the method of analysis. Indeed,
10kI1.1 and 10kl1.2 are 60 cM apart and act in op-
posite directions and thus they should be easy to de-
tect. dip1.1 and dip1.2 are only 25 cM apart, howev-
er there are 25 NIRILs with cross-overs between
these two QTL, which may explain why these two
QTL could be separated. kt1.1 and kt1.2 are the
closest pair, being only 14 cM apart with at least 13
cross-overs between them. We noticed that k¢7.2 is
located very close to kwi.1. Perhaps, kt1.1 is the
kernel type (or denting) QTL and k¢7.2 corresponds
to kwi.1 and influences the degree of denting
through an effect on kernel weight.

Our principal goals in this research were to con-
firm the QTL on chromosome arm 1S that were
identified by DoEBLEy and SteEC (1993) and to map
these QTL to a narrow chromosomal segment. We
have achieved the first goal, but we have made only
modest progress on the second goal. At the start of
this experiment, we had envisioned that the data
would allow us to mapped the QTL to an interval of
5 cM or less flanked by two adjacent markers. This
would have been possible if the QTL had
Mendelized such that each of the 135 NIRILs could
be classified as “+” or “~” for the QTL, i.e. if the dis-
tribution of phenotypes were bimodal. Contrary to
this expectation, the trait distributions were all ap-
proximately normal and the QTL could not be
Mendelized (Fig. D).

Some of the possible reasons for the failure of
the QTL to Mendelize and how these factors could
be overcome include the following. (1) For five or
the 10 traits, we detected two QTL, which indicates
complex and not Mendelian inheritance. This prob-
lem could be mitigated by creating lines that segre-
gate for only one of the two QTLs. (2) The traits
have low heritabilities as reported in Table 1. This
problem could be overcome by growing the lines at
multiple locations over multiple years and measur-
ing a larger number of plants per plot. (3) The 135
NIRILs may differ for QTL affecting the traits in re-
gions of the genome other than chromosome arm
1S. This problem could be overcome by using
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genome-wide markers and incorporating any other
QTL into the statistical model. (4) The seed for each
line used in this experiment all came from a single
ear and thus a single mother plant (ear parent). If
the ears or ear parents for different lines differed for
random factors such as low-level fungal infections,
degree of seed maturation, or residual seed mois-
ture content after drying, then the trait mean of one
line that is “+” for the QTL could differ considerably
from another line that is “+” for the same QTL. We
tried to control for this source of variation by using
seed that was produced in the same year and loca-
tion; however, one might additionally bulk seed of
several independent ears for each line. In summary,
factors such as these likely explain why the trait dis-
tributions were normal rather than bimodal and
why the QTL did not Mendelize.

The majority of the domestication-related QTL
mapped within a common chromosomal segment of
approximately 15 ¢M in length (from wmc2204 to
umci1403). The corresponding traits for most these
QTL (CUPR, EL, ED, and KW) were highly correlat-
ed. One explanation for this finding is that the dif-
ferent traits are controlled by the same gene within
this segment, which has pleiotropic effects; the al-
ternative explanation is that these domestication-re-
lated traits are each controlled by distinct, but tight-
ly linked genes upon which selection, during do-
mestication, acted in concert. To further dissect this
15 ¢cM genomic segment, additional lines with re-
combination events within the region will be phe-
notyped in replicated field experiments and
screened with more PCR-based markers. By saturat-
ing this region with recombination events and ge-
netic markers, we hope to pin down and eventually
clone the gene(s) from this chromosomal segment
that substantially contribute to the differences be-
tween maize and teosinte.

ACKNOWLEDGEMENTS - We thank David Wills for comments
on an earlier version of this manuscript, and Karl Broman and
Natalia de Leon for advice on the statistical analyses. This work
was supported by the USDA Hatch grant MSN101593 and the Na-
tional Science Foundation grants DBI0321467 and DBI0820619.

REFERENCES

BeapLE G.W., 1972 The mystery of maize. Field Mus. Nat. Hist.
Bull. 43: 2-11.

BeADLE G.W., 1980 The ancestry of corn. Scientific American
242: 112-119.

BricGs W.H., M.D. McMULLEN, B.S. Gaur, J. DOEBLEY, 2007  Link-

GLAUBITZ, A.J. STUDER, J. DOEBLEY

age mapping of domestication loci in a large maize-teosinte
backcross resource. Genetics 177: 1915-1928.

Broman K.W., H. Wu, S. SEN, G.A. CHurchit, 2003 R/qtl: QTL
mapping in experimental crosses. Bioinformatics 19: 889-
890.

DoeBLey J.F., 2004 The genetics of maize evolution. Ann. Rev.
Genet. 38: 37-59.

DogeBLey J.E, A. STeC, 1991 Genetic analysis of the morphologi-
cal differences between maize and teosinte: comparison of
results of two F, populations. Genetics 134: 559-570.

DoEBLEY J.F,, A. StEC, 1993 Inheritance of the morphological dif-
ferences between maize and teosinte. Genetics 129: 285-295.

Doesiey J.F., A. BacicaLuro, A. STeC, 1994 Inheritance of kernel
weight in two maize-teosinte hybrid populations - Implica-
tions for crop evolution. J. Hered. 85: 191-195.

DogBiey J.F., A. Stec, C. Gusrtus, 1995 Teosinte branchedl and
the origin of maize: evidence of epistasis and the evolution
of dominance. Genetics 141: 333-346.

DoesLey J.E., A. Stec, L. HusBaArD, 1997 The evolution of apical
dominance in maize. Nature 386: 485-488.

DoEBLEY J.F., A. STEC, J. WENDEL, M. EDWARDS, 1990 Genetic and
morphological analysis of a maize teosinte F, population -
implications for the origin of maize. Proc. Natl. Acad. Sci.
USA 87: 9888-9892.

DOERGE R.W., G.A. CHURCHILL, 1996 Permutation tests for multi-
ple loci affecting a quantitative character. Genetics 142: 285-
294.

EpWARDS A.L., 1976  An introduction to linear regression and cor-
relation. WH Freeman and Company, San Francisco, CA.

LANDER E.S., D. BotstEIN, 1989 Mapping Mendelian factors un-
derlying quantitative traits using RFLP linkage maps. Genetics
121: 185-199.

LAWRENCE C.J., M.L. ScHAEFFER, T.E. SEIGFRIED, D.A. CampPBELL, L.C.
HARPER, 2007 MaizeGDB’s new data types, resources and
activities. Nucl. Acids Res. 35: D895-D900.

Lttt R.C., G.A. MILLIKEN, W.W. StrOUP, R.D. WOLFINGER, 1996
SAS system for mixed models. SAS Institute, Cary, NC.

RICE W., 1989 Analyzing tables of statistical tests. Evolution 43:
223-225.

SAS INSTITUTE INC., 2000  SAS/STAT® User’s guide, version 8. SAS
Inst, Cary, NC.

SEN S., G.A. CHURcHILL, 2001 A statistical framework for quantita-
tive trait mapping. Genetics 159: 371-387.

VAN OOIEN J.W., R.E. Voorrips, 2001 JoinMap Version 3.0: Soft-
ware for the calculation of Genetic Linkage Maps. Plant Re-
search Intl., Wageningen, The Netherlands.

WANG H., T. NUSSBAUM-WAGLER, B. LI, Q. ZHAO, Y. VIGOUROUX, M.
FaLLEr, K. BomBLIEs, L. LUKENS, J.F. DOEBLEY, 2005 The origin
of the naked grains of maize. Nature 436: 714-719.

ZHAO W., P. CANARAN, R. JurkuTA, T. FuLTON, J. Grausirz, E. Buck-
LER, J. DOEBLEY, B. GAuT, M. GOODMAN, J. HOLLAND, S. KRESO-
vICH, M. MCMULLEN, L. STEIN, D. WaRE, 2006 Panzea: a data-
base and resource for molecular and functional diversity in
the maize genome. Nucl. Acids Res. 34: D752-D757.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ITA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


