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Summary. Restriction fragment length polymorphisms
have become powerful tools for genetic investigations in
plant species. They allow a much greater degree of ge-
nome saturation with neutral markers than has been pos-
sible with isozymes or morphological loci. A previous
investigation employed isozymes as genetic markers to
infer the location of genetic factors influencing the ex-
pression of quantitative traits in the maize population:
(CO159 x Tx303)F, . This investigation was conducted to
examine the inferences that might be derived using a
highly saturated map of RFLP markers and isozymes to
detect quantitative trait loci (QTLs) in the same maize F,
population. Marker loci that were associated with QTL
effects in this investigation generally corresponded well
with previous information where such comparisons were
possible. Additionally, a number of previously unmarked
genomic regions were found to contain factors with large
effects on some plant traits. Availability of numerous
marker loci in some genomic regions allowed: more accu-
rate localization of QTLs, resolution of linkage between
QTLs affecting the same traits, and determination that
some chromsome regions previously found to affect a
number of traits are likely to be due to linkage of QTLs
affecting different traits. Many of the factors that affect-
ed plant height quantitatively in this investigation were
found to map to regions also including known sites of
major genes influencing plant height. Although the data
are not conclusive, they suggest that some of the identi-
fied QTLs may be allelic to known major genes affecting
plant height.
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Introduction

A number of recent investigations have utilized molecu-
lar marker loci to examine the inheritance of quantitative
traits in maize (Zea mays L.) and tomato (Lycopersicon
esculentum L.) (Tanksley et al. 1982; Kahler 1985; Ed-
wards et al. 1987; Stuber et al. 1987; Nienhuis et al. 1987;
Osborn etal. 1987; Paterson et al. 1988; Weller et al.
1988; Tanksley and Hewitt 1988). These studies have
generally been successful in identifying some marker-
linked chromosome regions that affect a wide range of
plant characteristics. Investigations involving codomi-
nant markers segregating in F, populations have, fur-
thermore, allowed insight into the apparent types of gene
action existing at postulated quantitative trait loci
(QTLs) in the marker-linked genomic regions (Edwards
et al. 1987; Stuber et al. 1987). Many additional ques-
tions have been generated by these investigations about
the distribution and behavior of QTLs in plant genomes.
Some of these questions may, in principle, be addressed
by saturating the genome with closely spaced, segregat-
ing marker loci. Restriction fragment length polymor-
phisms (RFLPs) currently provide this potential in some
plant species. Helentjaris et al. (personal communica-
tion) have developed RFLP probes detecting more than
500 polymorphic loci in maize. Additional maize probes
have been developed by other researchers (Burr et al.
1988; D. Grant, Pioneer HiBred, Int., personal commu-
nication; Coe et al. 1990). A large number of RFLPs has
also been reported in tomato (Bernatzky and Tanksley
1986; Helentjaris et al. 1986; Tanksley and Hewitt 1988).
RFLP techniques have the potential of rapidly develop-
ing a fairly complete map of linkage groups in a number
of other species for which linkage information is current-
ly either very limited or nonexistent.
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In this investigation we used 98 RFLP probes and 16
isozyme loci to examine associations between marker loci
and quantitative trait expression in an F, population of
maize that had been previously examined using only
isozyme loci as genomic markers. This approach was
taken to determine what additional inferences about
QTLs might be allowed by more complete coverage of
the genome with markers.

Materials and methods

A total of 187 plants from the F, population of the cross
CO159 x Tx303 was utilized for this investigation. The parental
inbreds (Fig. 1) have been described previously (Edwards et al.
1987). Coleoptile tissue was sampled from laboratory-germinat-
ed seedlings and preserved at —70°C for subsequent isozyme
characterization, according to previously described procedures
(Cardy et al. 1983; Stuber ct al. 1988). Scedlings were subse-
quently transplanted to the field at Clayton/NC in the summer
of 1985, at 97-cm row spacings and 30-cm plant spacing within
rows. Approximately 3 weeks after the mean flowering data of
the F, population, leaf samples were collected from the plants
in the field for extraction of DNA and subsequent RFLP char-
acterization. One-half of the second leaf above the top ear was
sampled from each plant. Leaf samples were rolled and placed
in 100-ml test tubes, which were capped and stored on ice until
they could be taken to the lab and stored in a —70°C freezer.
At a later date the leaf samples were lyophilized and sent to the
lab of T. Helentjaris for RFLP characterization, as previously
described (Helentjaris et al. 1986).

One hundred fourteen marker loci were employed in this
investigation. Of these, 16 were isozyme loci and the remainder
were RFLPs. Some of the probes for the RFLPs were cloned
sequences of characterized genes. Most, however, were either
random ¢cDNA probes or genomic DNA fragments prepared

Fig. 1. Phenotypes of the parental inbreds Tx303 and CO159
when grown at Clayton/NC in 1985

from Zea mays. Table 1 indicates the locus numbers (in chromo-
somal order) by which these marker loci will be referred herein
and simple estimates of recombination frequencies between ad-
jacent loci. Genotypes were not established for every one of the
187 F, individuals at each of the 114 marker loci for a variety
of reasons: some of which were strategic and some, unavoidable.
All ten maize chromsomes were marked with loci, ranging from
a minimum of six markers on chromsome 10 to a maximum of
19 on chromsomes 1 and 3. Linkage relationships among mark-
er loci were determined using maximum likelihood algorithms
with the assistance of the Pascal program LINKAGE-1 (Suiter
et al. 1983). Figure 2 indicates the approximate chromosomal
positions of the markers, with consideration given to linkage
estimates that span an intervening locus (not presented).

Twenty-two quantitative characteristics of the F, plants
were measured, from which 30 quantitative “traits” were
derived. Some traits were direct measurements and others were
functions of two or more independent measurements. Table 2
lists the 18 quantitative traits for which data are presented in
detail below, as well as a brief description of each trait. The traits
were selected to represent a range of plant characteristics and to
include traits of agronomic importance.

Analysis of variance was employed to test the significance of
effects of marker-linked genomic regions on the quantitative
traits, and significant associations were interpreted in terms of
underlying gene action, as in a previous investigation (Edwards
et al. 1987).

Results and discussion

Analyses of variance revealed that 15.2% of the 3,420
marker locus quantitative trait comparisons were signifi-
cant at the 5% probability level, 6.2% of the compari-
sons were significant at the 1% level, and 3.3% were
significant at the 0.1% level.

Although the significance levels used are appropriate
for individual marker loci, when considering the entire
genome the probability of proclaiming a false positive
(i.e., committing a Type I error) is much greater than for
a single locus. For example, if the 5% probability level is
used for individual loci, there is a greater than 99%
probability that at least one of the 114 marker locus-
quantitative trait comparisons for an individual trait will
be falsely judged to be significant. Even at the 0.1%
probability level, the overall probability of at least one
false positve is about 11%. It should be stressed, howev-
er, that placing stringent controls on the Type I error
greatly increases the probability of not accepting a real
difference (i.e., committing a Type II error). We chose,
therefore, the 5% probability level as an appropriate
level for judging significance of marker locus-quantita-
tive trait associations in order to adequately control Type
II errors.

Isozyme and RFLP markers produced similar fre-
quencies of significant associations with quantitative
traits: significant associations (at the 5% level) were de-
tected for 13.8% of 480 comparisons involving isozyme
markers and 15.4% of 2,940 comparisons involving
RFLPs. Although these frequencies are much lower than
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Table 1. Locus numbers by which they are referred in the text and simple estimates of recombinant frequencies flor. adjacent loci
determined by the maximum likelihood method. Asterisks (*) indicate nonestimable distances. (Further locus descriptions and map

information are available from the authors)

Chromosome 1

1 -004-2-010-3-045-4-023-5-012-6-032-7-015-8-013-9-0.07-10-0.26-11/-0.03~12-0.08 -
13-0.04 - 14-0.07 - 15-0.06 — 16 - 0.09 — 17 -0.13 - 18§ - 0.19 - {9

Chromosome 2

20-022-21-025-22-022-23-0.09-24-022-25-012-26-015-27-*-28-0.05-29

Chromosome 3

30-015-3/-021-32-010-33-019-34-010-35-0.03-36-0.10-37-005-38-*-39-0.10-40~-0.12 - 41 -
0.09 -42-013 -43-0.07 - 44-0.08 - 45-0.10 - 46 ~ 0.14 — 46 - 0.14 — 48

Chromosome 4

49-018 - 50 -0.26 - 57 - 021 - 53 -0.24 - 54 - 0.11 - 55 - 0.13 - 56 - 0.03 - 57

Chromosome 5

58-0.144-59-022-60-0.13 ~61-0.04 -62-0.20-63-0.21-64-045-65

Chromosome 6

66 —0.07 -67-011-68-0.03 -69-026-70-019~-71-012-72-011-73-035-74-0.05-75-0.04 - 76

Chromosome 7

77-016 -78 -0.11 - 79~ 0.20 ~ 80 - 0.09 — 87 —~ 0.08 — 82 - 0.31 - 83 - 0.23 — 84

Chromosome 8

85-0.08-86-0.09-87-013-88-0.05-89-023-90-0.04-9/-014-92-029-93-0.11-94-0.05-95-0.05-96

~0.13 -97-0.06 - 96 - 0.14 - 99 — 0.25 — 100

Chromosome 9

101 -0.18 — 102 - 0.23 — 103 — 0.08 — 104 — 0.04 — 105 —~ 0.32 — 106 — 0.14 — 107 — 0.47 — 108

Chromosome 10

109 -020-110-0.06 — 111 — 0.06 — 112 -0.09 — 113 - 0.26 ~ 114
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Fig. 2. Approximate centromere locations and chromosomal
distribution of marker loci scored in the (CO159 x Tx303) F,
population. See Table 1 for locus descriptions

the proportion of significant comparisons (approximate-
ly 60%) that were reported based upon data collected the
previous year when isozymes alone were employed as
markers (Edwards et al. 1987; Stuber et al. 1987), this
investigation involved about 10% as many plants as were
previously evaluated. The reduced plant numbers were
necessary because of the increased expense and effort
involved in characterization of genotypes at RFLP sites.
The necessary methodologies for RFLP characterization
are being improved, and somewhat larger investigations
are now more feasible. The small size of the population
evaluated here results in quite large confidence intervals
on estimates of effects associated with marker loci. Any
particular association, therefore, may be considerably
overestimated or underestimated. Overall, however, the
frequencies of significant comparisons at any particular
probability of Type 1 error are well above levels that
might be attributable to chance alone.

Comparisons were made between the results obtained
here and those from a previous study to appreciate the
value and limitations of this smaller data set in another
year. The ranking of quantitative trait means for geno-
typic classes at the isozyme loci involved in this investiga-
tion were compared with the ranking of means for the
same marker locus classes from the 1,776 plants evalu-
ated in the previous study. Such comparisons were made
for a subset of eight traits, which were selected because
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Table 2. Descriptions of the 18 quantitative traits in the popula-
tion (CO159 x Tx303) F, for which data are presented in detail
in the text

Grain weight ~ Weight (g) per plant of all shelled grain

dried to uniform moisture

Ear number Number of ears per plant with at Jeast 1 g
of grain
Ear length Length (cm) from the butt to the tip of the

uppermost ear

One-half of the difference between the un-
shelled ear diameter and the cob diameter at
mid-ear

Kernel depth

Row number ~ Number of rows of kernels on the upper-

most car
100-kernel Weight (g) of 100 kernels from the upper-
weight most ear dried to uniform moisture

Kernel number Total number of kernels per plant (calculat-
ed from total grain weight and 100-kernel
weight)

Percent of the ear diameter attributablee to
the cob (calculated from ear and cob cir-
cumferences at mid-ear)

Percent cob
diameter

Plant height Height (cm) from the ground to the tip of

the tassel central spike

Stalk height Height (cm) from the ground to the upper-

most leaf node

Change in height (cm) from the ground to
the tip of the longest leaf from 5 to 7 weeks
post-sowing of the seed

Early-season
growth

Change in height (cm) from the longest leaf
tip at 7 weeks of age to the tip of the tassel
central spike at maturity

Late-season
growth

Node number  Number of leaf nodes on the central stalk

Average length of the internodal segments
of the main stalk (calculated from the node
number and the stalk length)

Internode
length

Number of days from sowing of seed to silk
emergence on the uppermost ear

Days to silk

Ear height Height (cm) from the ground to the node

from which the uppermost ear was borne

Total number of primary and secondary
tassel branches, excluding the central spike

Tassel branch
number

Ear length/ Ratio of the length to diameter of the upper
diameter ratio  ear

they represented a range of plant characteristics of agro-
nomic significance. These traits are: ear height, ear num-
ber, days to silk, grain weight, plant height, kernel row
number, kernel number, and tassel branch number. The
marker loci in common for the two studies are: 9, 12, 15,
31, 48, 52, 68, 69, 71, 74, 76, 93, 104, and 110. Seventeen
of 20 trait-locus combinations that were significant in
this investigation also were significant and exhibited ad-
ditive effects similar to those observed in the previous

study. Thirteen of these exhibited exactly the same rank
order of means for the three genotypic classes. Among all
112 comparisons examined, regardless of significance in
either study, 83 exhibited similar additive effects and 55
exhibited exactly the same ranking of means in the two
studies. This relatively high corroboration between the
data sets is impressive, given that genotype x environ-
mental interaction is a nonerror source of inconsistencies
in the two studies, and that estimates made in this study
were rather imprecise due to the small population size.

Taken in whole, these data provide a rather convine-
ing argument that marker-facilitated investigations such
as this one can be an effective means of elucidating fac-
tors influencing quantitative trait inheritance, even with
rather small population sizes and in single environments.
Because of the large confidence intervals with such small
population sizes, further examinations allowing greater
statistical power would be advisable prior to undertaking
an effort to exploit any single, marker-linked factor. Al-
though a proportion of the marker-linked quantitative
trait loci are likely to have poorly estimated effects when
estimates are determined using small population sizes, it
is likely that net estimates of breeding values of plants
across loci will be generally valid, despite inaccuracies at
individual loci. Thus, greater confidence could be placed
in the value of manipulating gene frequencies at a large
number of the identified genomic sites influencing a par-
ticular trait (Edwards and Stuber 1986; Stuber and Ed-
wards 1986).

Magnitudes of gene effects are represented here ac-
cording to the portion of the total phenotypic variation
in a quantitative trait that is “explained” by the marker
locus (i.e., R?), as was described by Edwards et al. (1987).
The distribution of R? values across all traits and marker
loct (not presented) was skewed, with a much greater
frequency of associations producing a small R* value.
The distribution was quite similar to those previously
reported, except that the maximum R? values observed
here were as great as 27.4% for locus 104 (Acpi) with
PLTHT (compared to a previous maximum of 16.3% for
Idhi with PLTHT). In the previous study, the Acp!-
PLTHT association was not as great, with an R? value of
6%, although the ranking of mean values was identical.
This locus-trait combination represents the most notable
example of change of effects in the two studies. Previous-
ly, the magnitude of the Idhi-PLTHT association was
more than twice as great as was the 4¢p?-PLTHT associ-
ation (Edwards et al. 1987). In this investigation, the
reverse was true.

In the previous investigation (Edwards et al. 1987),
only 17 marker loci were employed to detect QTLs in this
population. It was not possible, therefore, to separate the
magnitude of gene effects at the underlying QTLs from
effects attributable to recombination between the marker
locus and the QTL (which would act to reduce the per-
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Table 3. Relationship of plant height and related traits with marker-locus-linked genomic regions. Probability le\fel.of significant
associations between each of 12 segregating marker loci and five traits related to plant stature, percent of the total variation (R x 100)
accounted for by each marker locus, and parental homozygote (T =Tx303 and C=C0159) exhibiting the greater expression for that

trait in (CO159 x Tx303) F,

Plant-stature- Chromo- Chromo- Chromo- Chromo- Chromo- Chromo- Chromo- Chromo- Chromo-
related trait some 1 some 2 some 3 some 4 some 6 some 7 some 8 some 9 some 10
4 7 25 36 45 53 70 83 90 95 104 112
Plant helght ek £ * % sk * * #siek E X3 Fkesk *
8.1 104 4.9 6.7 5.5 16.0 4.1 4.8 122 144 274 4.0
T T T cC C T C T T T T T
Growth in height Ak * **
5 to 7 weeks 13.5 3.2 1.4 29 04 3.6 1.3 3.3 1.0 45 5.6 0.1
T T T C T T C T T T T T
GrOWth in helght £ ¥ gk EE 33 dskk sk *
7 weeks to 34 7.6 5.3 43 4.7 9.7 2.7 1.5 148 10.8 184 49
maturity T T T cC C T C T T T T T
Internode Aok sheskesk sk * kol sk
length 03 06 115 38 3.2 16.3 0.9 6.6 39 441 20.0 2.6
T C T c cC T C T T T T T
Node number wER ek * ] * fxk kRx sk %
16.7 256 5.8 4.5 44 4.0 38 0.5 17.2 179 104 5.9
T T C cC T T C C T T T T

*®% #4% Denotes significance levels of F-tests at 0.05, 0.01, and 0.001 probability levels, respectively

ceived magnitude of effects at the QTL). With the large
number of marker loci offered by RFLPs in this investi-
gation, it was evident that some of the loci employed in
the previous investigation were not very closely linked to
the QTL producing the effect. Examples are the effect on
leaf number associated with locus 9 (Mdh4) and the effect
on ear height associated with locus 69 (Enp1). In both of
these cases RFLPs approx. 25 ¢M from the isozyme locus
exhibited associations of two to four times greater mag-
nitude (based on R? values) than associations reflected at
the isozyme loci.

Principle component analyses were employed in a
previous investigation in an effort to simplify interpreta-
tion of the manifold effects of marker-linked genomic
regions (Stuber et al. 1987). These analyses were some-
what unsuccessful, leading to the conclusion that individ-
ual genomic regions differed sufficiently in the range of
their effects to preclude useful generalizations from prin-
ciple component analyses. In this investigation, factors
that affected final plant height again appeared to vary
considerably in their effects on traits correlated with
plant height (Table 3). Some genomic regions influenced
plant growth early in development only (locus 4), others
only affected growth later in development (loci 53 and
90), and some affected growth in both time periods (loci
95 and 104). Factors also varied in the components of
plant height affected. Some affected node number but
not internode elongation (loci 4, 7, and 90). Others ap-
parently affected both characteristics (loci 95 and 104).

The effects of QTLs on grain yield and related traits
appeared to be even more complex (Table 4). Some fac-
tors affected several yield “components” in a counter-
posing fashion, thus producing no net effect on grain
yield (loci 25 and 78). QTLs were also detected that ap-
peared to affect primarily a single yield-related trait, such
as loci 39 and 44, which affected kernel row number only.
Others, such as loci 5, 49, 78, and 94, influenced several
yield-related characteristics.

A frequent observation in the previous investigation
was the association of a single, marker locus with varia-
tion in a number of quantitative traits (Edwards et al.
1987). In fact, the average marker-linked region affected
about two-thirds of the 82 quantitative traits analyzed. It
is possible that these multiple effects are often at-
tributable to multiple QTLs in the marker-linked genom-
ic region, rather than being representative of pleiotropy.
With only a single marker locus in a region, these two
genetic possibilities are not resolvable in an F, popula-
tion. In some circumstances in this investigation it was
apparent that effects previously associated with a single
marker locus are, in fact, attributable to more than one
underlying factor. In the previous investigation, Gluf
(locus 110) was associated with differences in 61 of the 82
traits examined. In this investigation, marker locus geno-
types were established for five loci in the Gluf region of
chromosome 10. Significant associations were again de-
tected between markers in this region and a number of
the traits previously examined (Fig. 3). However, three
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Height Number Growth Ratio Depth Diameter
109 ~}- 6.5
@
110 |- 4.6 4.0 3.7
111 -4- 4.3 4.0 3.7
112~} 3.6 4.9
13-} 5.0 5.4 4.5
114}

Fig. 3. Percent of the phenotypic variation (R?) in six traits
“explained” by linked marker loci on chromosome 10 in the
(CO159 x Tx303) F, population. Variation in all six traits was
significantly associated with Gluf (locus 110) in a previous inves-
tigation involving 1,776 F, plants from the same population.
Nonsignificant R* values (P> 0.05) are not indicated. ® height
from the ground to the uppermost leaf node; ® change in height
from 7 weeks post-planting to maturity; © ratio of ear length to
ear diameter; ¢ cob diameter as a percent of total ear diameter

traits related to plant stature appeared to have effects
centered more distally on the long arm of the chromo-
some (near loci 112 and 113) and three traits related to
ear conformation appeared to be controlled by a fac-
tor(s) more proximal to the centromere.

As in the previous study, the loci Idh (locus 93) on
chromosome 8 and Acp! (locus 104) on chromosome 9
were associated with differences in a large number of
traits: 12 of 30 and 14 of 30, respectively. Although other
markers were assayed in both of these genomic regions,
the effects on most of these traits appeared to be centered
near these two isozyme loci rather than being centered on
various flanking marker loci. These two genomic regions,
then, must either exhibit pleiotropy or contain multiple,
closely linked genes affecting subsets of these traits.

The availability of several marker loci in a given ge-
nomic region is, thus, a rather powerful tool for elucidat-
ing the nature of observed associations between marker
loci and quantitative traits. This is particularly true in
more advanced generations when linkage disequilibrium
is reduced. In addition, the presence of multiple marker
loci will expedite manipulation of QTLs by allowing se-
lection for genotypes at flanking marker loci, thus greatly
minimizing the risk that the desired factor may be lost
due to recombination between the QTL and the markers
employed in selection.

771

Inter-
Plant node Node

85 - Height Length Number
86—~
87 -|- 3.5 4.7
88 |- 10.4 14.5
89 -} 4.7 3.8
901 12.2 17.2
91y 9.3 15.6
92— 13.7
93~} 10.2 3.3 11.6
94 |- 11.4 4.2 13.7
95~|- 14.4 4.1 17.9
96~ 14.1 4.4 12.5
97 |- 6.3 6.6
98-~ 6.4
99 ~|-
100}~ 3.7*

Fig. 4. Percent of the phenotypic variation (R?) in plant height
and two of its component traits “explained” by marker loci on
chromosome 8 in the (CO159 x Tx303) F, population. Non sig-
nificant R? values (P>0.05) are not indicated. The asterisk
indicates the factor for which the shorter parent, CO159, con-
tributed the greater length

Soller etal. (1979) have argued from a theoretical
perspective that there is usually only one, or at most two,
QTLs affecting a given trait in a genomic region linked to
a marker locus. It is difficult to address this issue empir-
ically without multiple markers in each genomic region.
Thus, the only evidence we could apply to this issue in
our previous investigation was indirect. We frequently
observed apparent overdominance at marker loci, partic-
ularly for grain weight and related characteristics (Ed-
wards et al. 1987; Stuber et al. 1987). If true overdomi-
nance is assumed to be rare, then this often may have
been attributable to repulsion-phase linkages of more
than one partially dominant or dominant gene. In some
circumstances in this investigation a much stronger case
could be made for linkages of genes affecting a given
trait. An example is illustrated in Fig. 4. Many of the
marker loci on chromosome 8 exhibited associations
with plant height. By examining two components of
plant height, average internode length and node number,
it became clear that factors in different regions of chro-
mosome 8 influenced plant height via different means.
The factor on the short arm, apparently centered near
locus 88, primarily increased internode length and did
not affect node number. The factor near the centromere
affected node number, but not internode length. A major
factor affecting plant height more distal from the cen-
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tromere, near locus 95, appeared to act both through
increases in node number and internode length. Finally,
a “cryptic” factor from the shorter parent, CO159, ap-
parently exists at the terminus of the long arm. This
factor promoted internode length but did not affect plant
height detectibly.

Most of these effects exhibited a progressive pattern
in the magnitude of association with the linked marker
loci (reflected as a peak in R? values), which suggested
the most likely site of the QTL. The factor near the
centromere appeared to exhibit this feature to a lesser
degree (with respect to plant height, at least). Locus 92
was scored for only 62 of the 187 plants. There is, there-
fore, a rather large error associated with the R? at the
locus, which may account for the irregularity in the pat-
tern of the R? values in the region. From this example, it
is apparent that rather sophisticated insights into gene
effects for quantitative traits are possible with an exten-
sive distribution of markers in the genome. This capabil-
ity is not currently possible in most crop species with any
type of marker other than RFLPs.

Another capability specific to RFLPs is the prospect
of being able to proclaim, with some certainty, the num-
ber of factors (relatively minor factors perhaps excepted)
that influence any given trait in some reference popula-
tion. A substantial effort has been directed toward bio-
metric means of inferring this sort of information
(Mather and Jinks 1971; Baker 1984). Although this sub-
ject has produced abundant literature, there are serious
limitations to the inferences that may be drawn from the
biometrical methods employed in gene number estimates
(Park 1977; Lande 1981; Baker 1984). Estimates ob-
tained for some traits have been quite low, and must
always be presented as “minimum estimates”. With the
rather complete coverage of the genome now available
using neutral genomic markers, more reliable informa-
tion on the issue of gene numbers for quantitative traits
may soon be forthcoming.

The distribution of significant associations detected
here for the traits plant height and grain yield are pre-
sented in Fig. 5. Eighteen and 12 chromosomal regions
are implicated for the two traits, respectively. These num-
bers of factors are no greater than those detected in the
same population in the previous study, which employed
only isozymes as markers (Edwards et al. 1987). With the
rather small population sizes employed, one must recog-
nize that additional factors may exist but may produce
effects too small to have been detected. However, the
markers employed here should have provided a rather
extensive coverage of the genome and should have de-
tected most factors with fairly “major” effects. The vari-
ation in the magnitudes of the QTLs for each trait is
notable. In addition, “cryptic” factors for both traits
apparently come from CO159, the parent that is much
smaller and yields a great deal less in North Carolina.
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These QTLs are rather broadly distributed across the
genome for both traits.

Although the genomic distribution of significant ef-
fects varied considerably from trait to trait, major factors
influencing most of the 30 evaluated traits are not ran-
domly distributed in this population. Chromosomes 1, 8,
and 9 have a greater concentration of effects for most
traits than do chromosomes 3, 5, and 7 (Table 5). It is
interesting to note this apparent trend juxtaposed with
recent evidence, which suggests that a rather close ho-
mology exists between portions of chromosomes 3 and 8
in maize, as well as some between chromosomes 1 and 3
and chromosomes 1 and 5 (Helentjaris et al. 1988). Of
course, lack of segregation for quantitative effects in a
particular genomic region in this F, population does not
necessarily imply that important QTLs do not exist in the
region. When information of this type is available in a
much larger range of maize crosses, however, it will be
interesting to determine whether a case can be made for
widespread “silencing” or functional divergence of QTLs
in duplicated genomic regions, as has been widely ob-
served for duplicated qualitative loci (Ohno 1970; Ohta
1980).

As quantitative trait loci are detected and located,
questions about their nature will surely receive some at-
tention. Are they structural loci, regulatory loci, or are
they even transcribed regions of the genome (Phillips
1986)? One alluring possibility is that some may be “mi-
nor” alleles at already known “major” gene loci (Thomp-
son 1975). Although our data are not adequate to defini-
tively test this possibility, we evaluated circumstantial
evidence by comparing the locations of QTLs for plant
height detected herein with the reported locations of ma-
jor genes affecting plant stature (such as brachytic or
dwarfing genes). A number of the mapped major genes
that affect plant stature are located in the same genomic
regions as factors detected in this investigation (Fig. 6).
The figure indicates only the 17 mapped major genes for
which the “primary” effects are associated with plant
stature (Coe ct al. 1990). There are probably many addi-
tional qualitative genes that might have been included,
but that are either unmapped at present or are designated
to indicate ““primary” effects upon other traits. There is
no reason to expect that all QTLs for plant height are
alleles at major loci. Likewise, it need not be assumed
that CO159 and Tx303 possess different alleles at all loci
that affect plant stature. Obviously, further investiga-
tions will be required before sufficient evidence is avail-
able to support or disprove this possibility.

A highly saturated RFLP map provides a powerful
adjunct to isozymes as a tool for determining the genetic
architecture of quantitative traits in maize. Use of such a
map has made it possible to determine the numbers,
magnitudes, and locations of genetic factors underlying
quantitative trait control, as well as insights into some
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Fig. 6. Relationship between the chromosomal locations of
mapped major genes reported to affect plant height in corn and
marker-linked genomic regions having a quantitative effect on
plant height in the (CO159 x Tx303)F, population. Centromere
locations are approximate

Table 5. Distribution of significant associations between mark-
er loci and 30 quantitative traits across the ten chromosomes in
the (CO159 x Tx303) F, population. The average number of the
187 F, individuals that were assayed for genotypes at the marker
loci on each chromosome is also indicated

Chromosome  No. of Percent Average N
marker loci significant
associations

1 19 20.0 144
2 10 11.0 121
3 19 79 131
4 8 17.1 127
5 8 7.9 136
6 11 10.6 165
7 8 7.5 142
8 9 25.0 144
9 8 26.3 145

10 6 12.2 161

complex genetic situations in specific chromsomal re-
gions. RFLP-based investigations can provide definitive
information about genetic determinants that have been
individually unresolvable in the past for many agricultur-
ally important characteristics of plants. Although the
small population sizes employed herein produced QTL
estimates with rather large confidence intervals, generally
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these estimates agreed very well with similar estimates
obtained in a previous investigation. Similarly derived
estimates of QTL effects would be useful for marker-as-
sisted selection if such estimates were based on
combining abilities with testers across a range of environ-
ments rather than per se effects in a single environment.
Marker-based selection, although laborious and still
somewhat expensive to conduct, might be expected to
provide an attractive adjunct to conventional selection
for traits of low heritability and in situations where desir-
able and undesirable traits exhibit a degree of genetic
correlation.

Acknowledgements. We thank J. Wendel for assistance with por-
tions of the laboratory analyses. This research represents a joint
contribution from the United States Department of Agriculture,
Agricultural Research Service, and the North Carolina Agricul-
tural Research Service, North Carolina State University,
Raleigh/NC 27695-7614. This investigation was supported in
part by United States Department of Agriculture Competitive
Grant 83-CRCR-1-1273 and in part by National Institute of
Health Research Grant GM 11546 for the National Institute of
General Medical Sciences of the United States.

References

Baker RJ (1984) Quantitative genetic principles in plant breed-
ing. In: Gustafson JP (ed) Gene manipulation in plant im-
provement. Proc 16th Stadler Genet Symp, University of
Missouri, Columbia. Plenum Press, London, pp 147—-176

Barnatzky R, Tanksley SD (1986) Toward a saturated linkage
map in tomato based on isozymes and random cDNA se-
quences. Genetics 112:887-898

Burr B, Burr FA, Thompson KH, Albertson MC, Stuber CW
(1988) Gene mapping with recombinant inbreds in maize.
Genetics 118:519-526

Cardy BJ, Stuber CW, Wendel JF, Goodman MM (1983) Tech-
niques for starch gel electrophoresis of enzymes from maize
(Zea mays L.). Inst. of Stat. Mimeo. Ser. No. 1317 R. North
Carolina State University., Raleigh/NC

Coe E, Hoisington D, Chao S (1990) Gene list and working
maps. Maize Genet Coop Newslett 64:134—-163

Edwards MD, Stuber CW (1986) Molecular-marker-facilitated
selection for yield enhancing genes in two maize populations.
American Society of Agronomy, 1986 Annual Meeting, New
Orleans/LA (Abstr.)

Edwards MD, Stuber CW, Wendel JF (1987) Molecular-marker-
facilitated investigations of quantitative trait loci in maize. I.
Numbers, genomic distribution and types of gene action.
Genetics 116:113-125

Helentjaris T, Slocum M, Wright S, Schaefer A, Nienhuis J
(1986) Construction of genetic linkage maps in maize and
tomato using restriction fragment length polymorphisms.
Theor Appl Genet 72:761-769

Helentjaris T, Weber D, Wright S (1988) Identification of the
genomic locations of duplicate nucleotide sequences in maize
by analysis of restriction fragment length polymorphisms.
Genetics 118:353-363

Kahler AL (1985) Associations between enzyme marker loci and
agronomic traits in maize. In: Proc 40th Annu Corn and
Sorghum Res Conf. American Seed Trade Association,
Washington, D.C., pp 66—89

Lande R (1981) The minimum number of genes contributing to
quantitative variation between and within populations. Ge-
netics 99:541 553

Mather K, Jinks JL (1971) Biometrical genetics. Cornell Univer-
sity Press, Ithaca/NY

Nienhuis J, Helentjaris T, Slocum M, Ruggero B, Schaefer A
(1987) Restriction fragment length polymorphism analysis
of loci associated with insect resistance in tomato. Crop Sci
27:797-803

Ohta T (1980) Evolution and variation of multigene families.
Springer, Berlin

Ohno S (1970) Evolution by gene duplication. Springer, Berlin

Osborn TC, Alexander DC, Fobes JF (1987) Identification of
restriction fragment length polymorphisms linked to genes
controlling soluble solids content in tomato fruit. Theor Ap-
pl Genet 73:350-356

Park YC (1977) Theory for the number of genes affecting quan-
titative characters. 2. Biases from drift, inequality of gene
effects, linkage disequilibrium and epistasis. Theor Appl Ge-
net 50:163-172

Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln SE,
Tanksley SD (1988) Resolution of quantitative traits into
Mendelian factors by using a complete RFLP linkage map.
Nautre 335:721-726

Phillips RL (1986) Implications of molecular genetic theory to
corn breeding. In: Proc 18th Annual Illinois Corn Breeders
School, Urbana-Champaign/IL, pp 14-28

Soller M, Brody T, Genizi A (1979) The expected distribution of
marker-linked quantitative effects in crosses between inbred
lines. Heredity 43:179-190

Stuber CW, Edwards MD (1986) Genotypic selection for im-
provement of quantitative traits in corn using molecular
marker loci. In: Proc 41st Annu Corn and Sorghum Res Conf.
American Seed Trade Association, Washington D.C., pp 70-83

Stuber CW, Edwards MD, Wendel JF (1987) Molecular-marker-
facilitated investigations of quantitative trait loci in maize.
I1. Factors influencing yield and its component traits. Crop
Sci 27:639—-648

Stuber CW, Wendel JF, Goodman MM, Smith JSC (1988) Tech-
niques and scoring procedures for starch gel electrophoresis
of enzymes from maize. N.C. State Univ Agric Res Serv Bull
286, Raleigh/NC

Suiter KA, Wendel JF, Case JS (1983) Linkage-1: a PASCAL
computer program for the detection and analysis of genetic
linkage. J Hered 74:203-204

Tanksley SD, Hewitt J (1988) Use of molecular markers in
breeding for soluble solids content in tomato — a re-examina-
tion. Theor Appl Genet 75:811-823

Tanksley SD, Medina-Fitho H, Rick CM (1982) Use of natural-
ly occurring enzyme variation ot detect and map genes con-
trolling quantitative traits in an interspecific backcross of
tomato. Heredity 49:11-25

Thompson JN Jr (1975) Quantitative variation and gene num-
ber. Nature 258:665—-668

Weller J1, Soller M, Brody T (1988) Linkage analysis of quanti-
tative traits in an interspecific cross of tomato (Lycopersicon
esculentum x Lycopersicon pimpinellifolium) by means of
genetic markers. Genetics 118:329-339



