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Abstract Construction of a detailed RFLP linkage map
of B. rapa (syn. campestris) made it possible, for the first
time, to study individual genes controlling quantitative
traits in this species. Ninety-five F, individuals from a
cross of Chinese cabbage cv ‘Michihili’ by Spring broc-
coli were analyzed for segregation at 220 RFLP loci and
for variation in leaf, stem, and flowering characteristics.
The number, location, and magnitude of genes underly-
ing 28 traits were determined by using an interval
mapping method. Zero to five putative quantitative trait
loci (QTL) were detected for each of the traits examined.
There were unequal gene effects on the expression of
many traits, and the inheritance patterns of traits ranged
from those controlled by a single major gene plus minor
genes to those controlled by polygenes with small and
similar effects. The effect of marker locus density on
detection of QTL was analyzed, and the results showed
that the number of QTL detected did not change when
the number of marker loci used for QTL mapping was
decreased from 220 to 126; however, a further reduction
from 126 to 56 caused more than 15% loss of the total
QTL detected. The detection of putative minor QTL by
removing the masking effects of major QTL was ex-
plored.
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Introduction

Brassica rapa (syn. campestris)is an important species of
the Brassica genus, which also includes a variety of
vegetable and oilseed crops with widely diverse morpho-
types such as Chinese cabbage, pak choi, turnip, turnip
rape, and sarson. Although there have been active
breeding programs in B. rapa, very limited information
is available on the inheritance of many morphological
traits in this species. Using a rapid cycling population of
B.rapa, Williams (1985) documented the genetic control
of some morphological traits, such as anthocyanin syn-
thesis, disease resistance, leaf color, and flower color.
However, all of these markers are related to qualitative
traits, and the genetic control of many quantitative traits
is unknown due to their complex inheritance patterns.
The lack of a genetic linkage map in this species also has
made it difficult to localize genes controlling both quali-
tative and quantitative traits.

Restriction fragment length polymorphism (RFLP)
markers are very useful for constructing linkage maps
and for dissecting the genetic control of morphological
traits. REFLP markers have been used to construct ge-
netic maps in various crop species, including B. oleracea
(Kianian and Quiros 1992; Landry et al. 1992; Slocum
etal. 1990), B. napus (Ferreira etal. 1994; Landry
etal. 1991), and B. rapa (Chyi etal. 1992; Song
et al. 1991). Detailed RFLP maps make it feasible to
identify and detect the effects of genes controlling
complex traits, often referred to as polygenic or quan-
titative traits (Beckmann and Soller 1986; Tanksley
etal. 1989). Associations between molecular markers
and quantitative traits have been reported in tomato
(Nienhuis etal. 1987; Osborn etal. 1987; Paterson
etal. 1988, 1991), in maize (Edwards etal. 1987,
1992; Stuber etal. 1987), in soybean (Keim et al.
1990, 1991), and in B. oleracea (Kennard et al. 1994).
Recently, a detailed genetic linkage map of B. rapa was
constructed based on 280 RFLP loci (Song et al. 1991).
This map provides an opportunity to detect and
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measure the effects of genes controlling quantitative
traits in this species.

In the study reported here, RFLP loci were used to
analyze the inheritance of more than 20 morphological
traits in B. rapa. Most of these traits were quantitative
traits, including leaf, stem, and flowering characteristics.
Quantitative trait loci (QTL) underlying these traits
were identified and located using RFLP markers, pro-
viding new information on the genetic control of these
traits. Factors affecting the efficiency of locating QTL,
such as the number of marker loci used and the masking
effect of major genes on minor genes, were explored.

Materials and methods
Plant materials

A Chinese cabbage cultivar, ‘Michihili’ (Olds Seed Co., Madison,
Wis.), and an accession of Spring broccoli (Crucifer Genetics Coop.,
Madison, Wis.) were selected as the female parent and the male
parent, respectively. These parents represent two diverse groups in B.
rapa that are polymorphic for both morphological traits and restric-
tion fragment lengths (Figdore et al. 1988; Song et al. 1988). Single
plants were used to make F, hybrids, and a single F, plant was
randomly selected and self-fertilized by bud pollination to produce an
F, population. Ninety-five F, plants and 4 plants for each of the
parents and F, were grown in 30-cm-diameter pots, fed with slow-
release fertilizer (Osmocote 10-10-10), and sprayed intermittently
with Diazane, Orthene, and Pentac for pest control. Plants were
maintained in cold frames in Madison from July 13 to October 20,
1987, and were then moved to a greenhouse.

Table 1 Designations of traits and description of trait measurements

>
Fig.1 RFLP linkage map showing the 220 loci selected for detecting
putative QTL. The codes of marker loci are listed on the right, and the
map distances based on a previous analysis with 280 marker loci
(Songet al. 1991) arein ¢cM on the left. » indicates marker loci used for
the analysis with 126 markers, and = indicates marker loci used for
the analysis with 56 marker loci. Pub and Lob represent single loci
controlling the presence/absence of pubescence and leaf lobes, re-
spectively. Marker loci underlined are those showing distorted segre-
gation (significantly different from a 1:2:1 ratio) (Song et al. 1991}

Trait measurement and RFLP genotyping

The parents, F, and 95 F, plants were measured for 17 morphological
traits related to leaf, stem, plant height, and flowering characteristics
(Table 1). Eleven additional traits or measurements which were
thought to have biological significance were calculated using a subset
of the measured traits (Table 1). The leaf characteristics were scored at
day 69 after sowing (15- to 18-leaf) using the largest leaf of each plant,
and the stem characteristics were measured at the flowering stage (103
days after seeding). All plants were measured on the same day for all
traits except days to bud (DB), days to flower (DF), and plant height
at flowering (PH2), which were scored at the same developmental
stage on all plants. )

RFLP genotypes of the 95 F, individuals had been determined
previously for 280 RFLP loci using genomic DNA clones as probes
(Songet al. 1991). For marker- trait analysis, 220 RFLP loci for which
the genotypes of most of the F, plants were known (> 85 of 95
individuals) and subsets of 126 and 56 RFLP loci were selected (Fig.
1), and marker genotypes of the F, plants were used to construct new
linkage maps with the MAPMAKER II computer program (Lander
et al. 1987). These maps had the same marker locus orders as reported
previously (Song et al. 1991), although some distances between
marker loci were different and the overall map distances were shorter
(see Results).

Trait designation Trait description

Pubescence on leaf surface scored as 1 (present-Michihili) or 0 (absent-Spring broccoli) taken at the

Degree of pubescence on the leaf surface scored on a 0 (no pubescence-Spring broccoli) to 4 (most

Mature leaf length (cm) from based to tip including petioles measured at the 15- to 18-leaf stage

P1 (Pubescence 1)
eight-leaf stage
P2 (Pubescence 2)
pubescence-Michihili) scale at the eight-leaf stage
P3 (Pubescence 3) Same measurement as P2, excluding individuals with a score of 0.
LL (Leaf Length)
LW (Lamina Width) Lamina width (cm) across the widest portion of the same leaf used for LL (cm)
LAL (LAmina Length) Lamina length (cm) derived by LL-PL2
LI (Lamina Index) Ratio of lamina length to width derived by LAL/LW

NLL1 (Number of Leaf Lobes 1)
NLL2 (Number of Leaf Lobes 2)
NLL3 (Number of Leaf Lobes 3)
PL1 (Petiole Length 1)

Leaf lobes scored as absent (0-Michihili) or present (1-Spring broccoli) scored at the 15- to 18-leaf stage
Number of leaf lobes scored at the 15- to 18-leaf stage

Same measurement as NLL2, excluding individuals without lobes

Petiole length (cm) from stem to the lowest leaf lobe of the same leaf used for LL

PL2 (Petiole Length 2) Petiole length (cm) from stem to lamina base, including lobes

PL3 (Petiole Length 3) Same measurement as PL1, excluding individuals without lobes

PL4 (Petiole Length 4) Same measurement as PL2, excluding individuals without lobes

PL5 (Petiole Length 5) Petiole length (cm) from the first leaf lobe to based of lamina, derived by PL2-PL1
PL6 (Petiole Length 6) Petiole length (cm) from the first leaf lobe to base of lamina, derived by PLA4-PL3
PW (Petiole Width) Petiole width (cm) at 1 cm from stem of the same leaf used for LL

PT (Petiole Thickness) Petiole thickness (cm) at 1 cm from stem of the same leaf used for LL

PI (Petiole Index) The ratio of petiole width to petiole thickness derived by PW/PT

PH1 (Plant Height 1) Plant height (cm) measured at the 15-18 leaf stage (vegetative stage)

PH2 (Plant Height 2) Plant height (cm) from base to the first open flower

SL (Stem Length) Stem length (cm) measured from base to the point where inflorescence elongates
SD (Stem-Diameter) Stem diameter (cm) at the widest place of the stem

SI (Stem Index) Ratio of stem length to stem width, derived from SL/SD

NAS (Number of Axillary Shoots)
DB (Daysto Bud)
DF (Days.to Flower)

Number of axillary shoots within the measured stem length (SL)
Number of days from sowing seed to appearance of thumb-size bud cluster
Number of days from sowing seed to appearance of the first open flower

DBF (Days from Bud to Flower) Number of days from budding to the first open flower, derived by DF-DB
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Data analysis

Single loci controlling the two qualitative traits (P1 and NLLI1)
were mapped with respect to RFLP loci using the MAPMAKER
II program. Putative QTL controlling the 26 quantitative fraits
were identified using the MAPMAKER/QTL program (Lander and
Botstein 1989; Lincoln and Lander 1990). Normality of trait dis-
tributions were tested using the ‘trait’ command of the MAP-
MAKER/QTL program, and Pearson correlation coefficients were
calculated between the traits measured by using the CORR procedure
of SAS (SAS Institute 1982). On the basis of the genome size of B. rapa
and the density of 220 marker loci in our map, a LOD score of 2.8
was chosen as the threshold for declaring putative QTL (Lander
and Botstein 1989). This LOD threshold corresponds to a false
positive level of 5% for the entire genome. Since the false nega-
tive level for this threshold is very high, regions with LOD
scores between 2.0 and 2.8 were considered to contain possible
QTL. In order to determine the effect of number of marker loci
on efficiency of detecting putative QTL, subsets of 126 and 56
marker loci were selected (Fig. 1) and analyzed in the same way
described above, except that LOD thresholds were adjusted to 2.6
and 2.4, respectively, based on marker densities (Lander and Botstein
1989).

Map positions of putative QTL were determined by the peak
LOD scores. The confidence interval for a putative QTL was defined
by the region within one log of the peak LOD score. Multiple
intervals on one chromosome were considered to represent distinct
QTL if (1) the peaks of the intervals were separated by at least 50 cM
map distances with a defined valley in between, and (2) the test for
multiple QTL gave LOD scores > 2.8 (Paterson et al. 1991). The
minimum number of QTL for a particular trait was estimated by the
number of intervals significantly associated with that trait across the
entire genome. The additive and dominance effects of putative QTL
alleles from the Spring broccoli parent and the percentage phenotypic
variation explained by putative QTL were calculated for each trait
(Lincoln and Lander 1990).

Results
Description of phenotypes

On the basis of means and standard deviations, the two
parents, ‘Michihili’ and Spring broccoli, were very differ-
ent for most of the morphological traits measured (Table
2). The F, plants were intermediate for most traits. P1
and NLL1 were two exceptions for which the presence
of pubescence and leaf lobes appeared to be controlled
by dominant alleles at single loci. F, individuals showed
a wide range of segregation for all of the quantitative
traits.

Measurements of some related trait were significant-
ly correlated with each other in the F, population. For
example, petiole length (PL2) was positively correlated
with petiole thickness (PT) (»r=10.76, P <0.0001) and
number of leaf lobes (NLL2) (r == 0.89, P < 0.0001), and
was negatively correlated with lamina width (LW) (r =
—0.66, P < 0.0001) and petiole width (PW) (r = —0.49,
P < 0.0001). As expected, days to flower (DF) was posi-
tively correlated with the component traits days to bud
(DB) (r = 0.62, P < 0.0001) and days from bud to flower
(DBF).

Different types of phenotypic distributions were ob-
served for traits measured in our F, population. The
traits lamina length (LL), lamina index (LI), pubescence

Table2 Means and standard deviations (SD) of the parents
(‘Michihili’ and Spring broccoli) and their F, and F, populations for
measured traits (n.a. not applicable)

Trait* Michihili®  Spring FS F
broccoli®
Mean (SD)

P1 1.0(0) 0.0(0) 1.0(0) 0.7(0.4)
P2 4.0(0) 0.0(0) 2.5(0.6) 1.8(1.4)
P3 n.a n.a na 2.6(1.0)
LL 66.8 (10.9) 77.0(6.0) 68.3(2.8) 67.9 (8.0
LW 26.0(4.2) 25.5(0) 228 (1.7) 23.6 (3.9)
LAL 634(11.1) 353(10.8) 3334.2) 37.7(16.2)
LI 2.5(0.1) 1.4(0.4) 1.5(0.2) 1.6 (0.7)
NLL1 0.0 1.0 (0) 1.0 (0) 0.7 (0.4)
NLL2 0.0(0) 6.0(2.8) 9.5(1.9) 6.1 (4.0)
NLL3 n.a. na. n.a. 8.0(24)
PL1 34(1.4) 12.5(2.0) 7.8(1.7) 9.0 (5.3)
PL2 34914) 41.8(7.0) 35.04.3) 30.1(16.2)
PL3 n.a. n.a. n.a. 104 (4.6)
PL4 na na na 38.8(7.0)
PL5 na n.a. n.a. 22.1(13.6)
PL6 na n.a. n.a. 284(7.9)
PW 3.3(04) 1.1(0.1) 20(0.1) 2.3(1.0)
PT 0.8(0.1) 1.0(0.1) 0.9(0.1) 0.9(0.2)
PI 4.1(0.5) 1.2(0.1) 24(04) 2.8 (1.8)
PH1 61.04.7) 82.0(2.4) 74.3 (2.5) 73.0 (6.8)
PH2 543(22) 89.3(1.7) 84.8 (3.3) 62.3(12.9)
SL 283(74)  365(L7) 29.0 (1.8) 12.3(5.5)
SD 3404 2.4(0.2) 2.5(0.2) 4.5(0.9)
SI 8.4 (2.3) 15.2(2.0) 11.6 (0.9) 2.9(1.6)
NAS 0.0 (0) 10.5(1.3) 11.0 (1.8) 1.8(2.2)
DB 100.0(3.1) 41.8(2.5) 75.5(3.1) 89.8 (11.9)
DF  114.8(57) 653(3.5) 91.5(11.7) 117.0(17.3)
DBF 148(3.2) 23.5(1.3) 16.0(1.8) 27.2(13.6)

* See Table 1 for description of traits
® Mean (SD) of 4 plants
¢ Mean (SD) of 95 plants

(P2), number of leaf lobes (NLL2), and petiole length
(PL2) had similar types of distributions in which two
discrete groups were observed (see Fig. 2A). Petiole
index (PI), days to bud (DB), and number of axillary
shoots (NAS) had obviously skewed distributions (see
Fig. 2B). The remaining traits had normal or near-
normal distributions (see Fig. 2C). For traits showing
skewed distributions, most of the individuals appeared
more like Spring broccoli than ‘Michihili’. These
traits were usually controlled by QTL with unequal
effects, whereas traits with normal distributions
were usually controlled by several putative QTL with
small and similar effects (Table 3). For traits with
skewed distributions, the data were transformed to
improve normality. However, the reported results are
based on non-transformed data because (1) in some
cases the transformation did not improve normality,
(2) the transformed units were not biologically mean-
ingful, and (3) the same putative QTL were usually
identified using the transformed and non-transformed
data. Also, we found that deviation from normality did
not seriously affect the results if underlying QTL had
large phenotypic effects.
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Marker trait analysis

The 220 marker loci used for QTL analyses covered ten
linkage groups with a total length of 1593 cM and
average spacing of 7.2 ¢cM. On the basis of a LOD
threshold of 2.8, 48 intervals contained putative QTL
controlling the 26 quantitative traits measured, with a
range of 0-5 QTL for each trait (Tables 1 and 3). In
addition, 36 intervals had peak LOD scores of 2.07 to
2.79, suggesting the presence of possible QTL (data not
shown). Of the 28 traits measured, 2 (P1 and NLL1) were
controlled by single major genes, 11 traits were control-
led by multiple genes with approximately equal effects
on the phenotypes, and the remaining 15 traits were
controlled by genes having obvious major and minor
effects (Table 3).

Leaf traits

For the pubescence trait P1, 72 of the 95 F, plants had
hairs (scored as 1), and 23 were hairless (scored as 0).
However, continuous variation was observed for the
degree of pubescence among the 72 individuals having
hairs (trait P3). This observation suggests that the pres-
ence of pubescence was controlled by a dominant allele
at a single locus, whereas the degree of pubescence was

5

controlled by polygenes. On the basis of segregation for
the presence or absence of pubescence, the single domi-
nant gene, designated Pub, was mapped directly using
MAPMAKER II on the linkage group 9A, flanked by
marker loci 116b and 145 (Fig. 1). By analyzing the data
set based on numerical scores of 0-4 (P2), we found a
QTL with a major effect at the Pub locus and a QTL
having a minor effect on linkage group 7A (Table 3, Fig.
3A, B). When the hairless plants were excluded from the
data set (trait P3), the major effect at the Pub locus was
not observed and 3 putative QTL having small effects
were uncovered on linkage groups 9A (~ 100cM from
Pub), 7A, and 4A (Table 3, Fig. 3).

The mode of inheritance of leaf lobes was similar to
that of pubescence. The F, individuals could be divided
into two discrete classes based on the presence/absence
of leaf lobes (NLL1), whereas the number of lobes
among the plants having leaflobes (NLIL3) had a normal
distribution. A segregation ratio of 71 (with lobes) to 24
(without lobes) was observed, suggesting a dominant
allele at 1 locus controlled the presence of leaf lobe. This
gene, designated Lob, was mapped at the upper end of
linkage group 4A (Fig. 1). Analysis of the same individ-
uals for number of leaf lobes (NLL2) revealed a major
gene effect at the Lob locus and an additional minor
gene on linkage group 7A (Table 3). A small effect was
observed at the Lob locus for the trait NLL3, and 2
additional QTL were detected on linkage group 7A and
10A (Table 3). These QTL had small and almost equal
effects on the phenotype and may represent the minor
genes controlling the number of leaf locus.

Several traits related to petiole morphology, such as
petiole length (PL1-PL6), petiole width (PW), and
petiole thickness (PT), were measured (Table 1). Two
QTL were detected for PL1 on linkage groups 4A and
6A, and both had small and equal effects on the pheno-
type (Table 3). For the trait PL2, only one major gene
effect was detected at the Lob locus with a LOD score of
38.75, and no minor genes were detected (Table 3). The
same major gene effect was found for PL5 (LOD score of
32.34 at the Lob locus), and 1 additional QTL having
small effects was detected on linkage group 7A (Table 3).
When only individuals with lobes were analyzed for
petiole measurements (PL3, PL4 and PL6), the major
gene effect at the Lob locus was not observed, and
additional minor genes were detected. Comparison of
results from these petiole measurements (Table 3) sug-
gests that petiole length was controlled by a major gene
(Lob) and several minor genes, depending on how the
trait was measured. The major gene mainly affected
length of petiole in the region with lobes, probably by
controlling the presence or absence of lobes. Other
petiole traits, including petiole width (PW), petiole
thickness (PT), and the ratio of width to thickness (PI),
were controlled by several QTL located on linkage
groups 44, 5A, and 6A (Table 3). Two QTL, located in
the interval 22a—67 of linkage group 5A and the interval
32¢-327 of 6A, were found to be associated with all 3 of
the traits; whereas 1 QTL at the interval Lob-48 of
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Table 3 Summary of putative QTL controlling morphological traits.

Trait® Linkage Flanking Peak position ~ LOD  Confidence Additive*  Dominance® %VAR® Minimum
group  markers® score interval® number of
QTL

P2 9 Pub-145 (1,2) Pub 19.84  116b(+8)—Pub(+4) —1.68 0.73 70.5 2
7 79a-32b(1,2) 79a+2cM 3.53 43(+2)—32b(+2) 0.49% 1.08 203

P3 9 153b—95b(1,—) 153b+ 8cM 292 136—197a(+4) —0.85 -0l 278 3
7 32b—54a(1,2) 32b 312 79a—202a(+ 10) -0.49% 0.81 23.0
4 27 —33(1,-) 27 285  149—-33(+6) —0.66 0.32 21.3

LL 9 136—153b( ,2) 136 3.84  Off —153b(+8) 4.20 332 170 2
10 213b—15b(1,2) 213b+ 6cM 305 305b(+2)—96d(+20) 3.67 3.02 159

LAL 4 Lob —48(1, 2) Lob 4483  Off - Lob(+4) —19.00 —14.21 88.9 2
7 19b—294(1,2)  19b 288  Off—19b(+ 10) —7.43 —4.30 134

LI 4 Lob—48(1,2)  Lob 4796  Off — Lob(+6) —19.80 —14.42 90.8 2
7 19b—29d(1 2y  19b 288  Off—19b(+10) —17.52 —4.77 134

NLL2 4 Lob—48(1,2)  Lob 3290  Off —Lob(+4) 476 2.58 82.5 2
7 19b—29d(1,2)  19b 327  Off—19b(+ 10) 1.86 1.47 15.2

NLL3 4 Lob—48(1,2)  Lob 399 Off—48(+6) 4.60 295 26.6 3
7 79a—32b(1,—) 79a 361 43(+2)—79a(+4) —0.38% —2.06 20.7
10 9a —95a(1,2) 9a 283  Off—95a(+2) 0.67 1.52 16.9

PL1 4 Lob—48(1,2)  Lob+4cM 580  Off—48(+06) 3.13 4.12 31.8 2
6 202b—207(1,2) 202b 506  Off—202b(+ 10) —3.71* —0.75 219

PL2 4 Lob—48(1,2)  Lob 38.75  Off — Lob(+6) 18.87 13.17 85.6 1

PL3 4 Lob—48(1,2)  Lob+ 4cM 3.71 Off — 48(+ 8) 2.50 3.29 20.7 1

PL5 4 Lob—48(1,2)  Lob 3234 Off— Lob(+6) 16.61 8.90 79.8 2
7 43 —79a(1,2) 43+ 2cM 386  107a(+2)—32b — 5.45% —8.98 192

PL6 9 154 —-85(1,2) 154 4+ 6cM 506 317(+10)-Off 3.41 7.29 336 1

PW 4 Lob—48(1,2)  Lob+4cM 1052 Off —48(+8) —0.86 —055 46.6 3
5 22a—67(1,2) 22a+ 8cM 376 174(+2)—67(+06) ~0.66 —0.63 26.5
6 32¢—-327(1,2) 32 345 S54c(+4)—32¢(+6) 0.46* —0.38 154

PT 4 325—-355b(1,—) 325 287  Off —325(+6) 0.10 0.00 13.3 3
22b—319(1,2)  22b+6cM 5.51 9b(+ 2) — 190b(+ 2} 0.14 -0.02 26.4
6 54c¢—32¢(1,2)  54c+16cM 375 5e(+4)—327(+4)  —0.07* 0.11 18.3

PI 4 Lob—-48(1,2)  Lob+4cM 8.07  Of—48(+6) —147 —1.02 40.5 4
22b—319—1,-) 22b+4cM 334 9b(+2)—22b(+10) —1.13 —0.11 18.1
5 22a—67(1,2)  22a+8cM 430  22a-—22a(+ 14) —1.35 —123 31.1
6 32¢-327(1,2)  32¢ 573 54c(+8)—32c(+4) 0.97 —1.09 24.3

PH1 4 10a—190b(1,2) 10a 338 22b(+6) —209(+ 6) 345 2.03 151 2
9 114—-24b(1,2) 114 3.64  Off —153b(+ 18) 3.61 241 16.2

PH2 5 67 —91a(1,-) 67 286 22a(+4)—9la(+2) —637F —521 131 1

DB 3 113—-102(1,2) 1134 6cM 6.88 113(+2)—102(+6)  —9.27 —8.88 40.1 5
6 54d —54b(1,2)  54d 459  79b(+2)—44a —06.57 —572 20.0
7 79a—32b(1,2)  79a+2cM 396  117(4+4)—202a(+8) —6.45 —4.42 18.6
20—25b(1,2) 20+ 4cM 319 309(+6)—off —326 —1741 14.7
8 186 —46b(1,2) 186 286  Off —186(+ 16) —4.88 —6.25 13.8

DF 3 200a — 294(1,2)  200a 705 38a(+2)—99a(+2) —11.87 —9.16 29.7 1

SL 6 207 —54¢(1,2) 207 + 2cM 943  202b(+4)—54c 3.52 —4.46 39.7 3
7 105 —42(1, 2) 105b + 8cM 394 Off—79% 321 —1.84 19.5
8 29¢—36a(1,2)  29c 328  38d(+4)—29c(+6) 1.78 —3.81 14.7

SI 6 207~ 54c(1,2) 207 +2cM 890  202b(+4)—54c 1.05 —1.16 37.6 3
7 105h—42(1,-)  105b+ 6cM 290 148 —79a 0.79 —0.52 14.6
8 29¢—36a(1,2)  29¢ 411 38d(+2)— 29¢(+6) 0.67 —1.14 18.2

2 See Table 1 for description of traits

b Marker loci flanking a peak LOD score. The numbers in paren-
theses indicate that LOD > 2.6 and 2.4 were observed in the same
interval using the subset of 126 marker loci (1) and 56 marker loci (2),
respectively (see text for details)

© Map position of one-log confidence intervals designated by marker
loci plus cM toward the bottom of the linkage group; ‘off” means that
the boundary is beyond the end of the linkage group

linkage group 4A mainly contributed to the trait PW,
while another QTL at 22b-319 of 4A contributed to the
trait PT.

Leaf length (LL) was controlled by at least 2 QTL
located on linkage groups 9A and 10A (Table 3). Lamina
length (LAL) and ratio of lamina length to width (LI)

4 Additive and dominance effects of the allele from the male
parent Spring broccoli in units of the trait measurement (see Table 1).
*indicates QTL showing ‘cryptic’ gene effects (see text).

® % VAR indicates the percentage of phenotypic variation explained
by the putative QTL

were controlled mainly by a major gene at the Lob locus
and a minor QTL located on the linkage group 7A. The
LAL measurement included the lobed portion of the
leaf, and thus the Lob locus controlling the presence or
absence of lobes probably had a large effect on lamina
length.
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Fig. 3 LOD profiles for QTL controlling the pubescence traits P2
and P3 on linkage groups 9A (A), 7A (B) and 4A (C). The Y axis gives
L.OD (log of the odds ratio) scores for the probability of the presence
of QTL for each trait. The horizontal line at LOD = 2.8 indicates the
threshold selected for declaring a putative QTL. The X axis shows the
relative position of QTL effects for each linkage group. Pub on
Iinkage group 3A marks the position of a gene controlling the
presence/absence of pubescence

Stem traits

For plant height, two measurements were conducted at
different developmental stages: one at the vegetative
stage (PH1) and another at the first open flower stage
(PH2). A minimum of 2 QTL for PH1 were detected on
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4A and 9A, and 1 QTL for PH2 was detected on linkage
group 5A (Table 3). All of the QTL controlling PH1 and
PH2 showed small and equal effects on the phenotypes.
Two and 3 QTL were found for stem length (SL) and the
ratio of length to diameter (SI), respectively. There were
no significant QTL detected for the traits stem diameter
(SD) and number of auxiliary shoots (NAS); however, 3
and 5 possible QTL (LOD scores 2.07-2.79) were ob-
served for these traits (data not shown).

Flowering traits

Genes controlling the traits days to bud (DB), days to
flower (DF) and days from bud to flower (DBF) were
detected on four linkage groups (Table 3). Five QTL
controlling DB were found on linkage groups 3A, 6A,
7A, and 8A, and 1 QTL for DF was located on 3A. For
DBF only 1 possible QTL (LOD = 2.67) was detected
on 3A in the same interval as the QTL for DF (Fig. 4).
Marker loci across this entire linkage group were found
to be significantly associated with the traits DB and DF
(Fig. 4). A major QTL having alarge effect on DB (LOD
score = 6.88) was observed at the interval defined by
marker loci 113 and 102; whereas a major QTL for DF
(LOD =7.05) was found in the interval defined by
marker loci 200a and 29a (Table 3, Fig. 4). These results
suggest that genes conveying major effects for the traits
DB and DF were located on the same linkage group but
in different positions. Significant LOD scores for DB
and DF also were observed between these positions in
the region from marker locus 29a to 113 on 3A. A test for
multiple QTL indicated the possible existence of other
QTL in this region for both traits; however, we could not

Fig. 4 LOD profiles for QTL controlling the flowering traits days to
bud (DB), days to flower (DF), and days from bud to flower (DBF) on
linkage group 3A. The Y axis gives LOD (log of the odds ratio) scores
for the probability of the presence of QTL for each trait. The
horizontal line at LOD = 2.8 indicates the threshold sclected for
declaring a putative QTL. The X axis shows the relative position of
QTL effects for each linkage group

200

0 100
Map distance (cM) on 3A
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be certain if both traits shared a common set of minor
genes.

Detection of ‘cryptic’ gene effects

The additive genetic effects of alleles from Spring broc-
coli on the traits measured are shown in Table 3, A
positive value for a given QTL indicated that the Spring
broceoli allele at that locus increased the trait value,
whereas a negative value indicated that the Spring
broccoli allele decreased the trait value or that the allele
from ‘Michihili’ increased the trait value. In most cases,
differences between genotypic class means were consist-
ent with morphological differences between the two
parents. For instance, alleles from Spring broccoli
usually increased the number of leaf lobes, petiole
length, stem length, and plant height, whereas ‘Michihili’
alleles usually increased trait values for pubescence,
lamina length, leaf index, and petiole width. This was
particularly true for genes having major effects, such as
those controlling P1, NLL1, and PL2. However, for
QTL having minor effects, both parents contributed
alleles that increased trait values. For example, alleles
from Spring broccoli usually increased the petiole length
from base to lobe (PL1); however, the Spring broccoli
allele located on 6A had a negative additive effect
(—3.71cm) on PL1, that is, the allele from ‘Michihili’ at
this locus increased the petiole length. These ‘cryptic’
gene effects (alleles from the low parent increasing the
trait value) were observed for 8 of the 28 traits analyzed
(Table 3).

Effects of marker density on detection of QTL

In order to determine how a reduction in the number of
marker loci used would influence the detection of QTL,
two subsets of 126 and 56 marker loci were selected (Fig.
1)and used to analyze trait data. Linkage maps based on
these subsets of data were constructed using MAP-
MAKER 11, giving total lengths of 1375 cM (10.9 cM
average marker spacing) and 1235 cM (22.1 cM average
marker spacing) for the sets of 126 and 56 marker loci,
respectively. Based on these maps, we conducted QTL
analyses for all of the traits examined, and the results
were compared to those based on 220 marker loci. With
the set of 126 marker loci, the same 48 QTL were
detected (LOD > 2.6) as those based on analysis with
220 loci (LOD > 2.8) (Table 3). Also, the positions of
peaks and intervals detected by 126 marker loci were
almost identical to those detected by 220 marker loci.
Analysis based on 56 marker loci detected 41
(LOD > 2.4) of the 48 QTL detected using either 220 or
126 marker loci. LOD scores of the 8 undetected QTL
ranged from 2.85-3.61 based on the 220 marker data set
(Table 3). For most of the QTL detected by the 56
marker data set, the positions of the interval peaks were
shifted 2—8 ¢cM compared to those in data sets of 220 and

126 marker loci (data not shown). When the minimum
number of QTL was used as a criterion, the efficiency of
detecting putative QTL did not decrease when the
number of marker loci was reduced from 220 to 126, but
decreased 16.3% after reduction to 56 marker loci
However, QTL with LOD scores > 4 were detected in
all three data sets (Table 3).

Discussion
Inheritance of traits examined

Various patterns of inheritance were observed for the
morphological traits examined in this population. In-
heritance of the traits pubescence (P1-3), leaf lobes
(NLIL1-3), and petiole length (PL1-6) represented typi-
cal major gene plus minor gene systems in which a single
major gene controlled the presence/absence of the traits;
however, the degree of expression of the trait was deter-
mined by several minor genes with similar effects. In-
heritance of plant height (PH1 and PH?2), leaf length
(LL), petiole thickness (PT), and stem diameter (SD)
represented typical polygenic systems in which traits
were controlled by several genes with small and similar
effects. Other traits had inheritance patterns between
these two extremes.

Some functionally related traits, such as traits related
to petiole morphology (PL, PW, PT, and PI) and the
traits related to flowering (DB, DF, DBF), were highly
correlated and were controlled by QTL located on the
same linkage groups. This also was observed in a similar
study of morphological variation in B. oleracea (Ken-
nard et al. 1994). In that study, the same set of QTL
based on map position appeared to control both days to
bud and days to flower. In our study, major QTL on
linkage group 3A controlled both traits, but the peak
effects were at different map positions. F, individuals
with different marker genotypes in these regions could
be used as parents of segregating progenies to determine
if separate linked QTL control these two traits.

Factors affecting detection of QTL underlying
complex traits

One of the important features of molecular marker-
facilitated analysis of QTL is the ability to dissect com-
plex traits into individual components or Mendelian
factors. The results from this study demonstrate the
usefulness of RFLP markers in dissecting genetic com-
ponents of quantitative traits in B. rapa. However, there
are still unanswered questions about the efficiency of
using RFLP markers in determining the number, loca-
tion, and magnitude of gene effects for a quantitative
trait. In practice, QTL mapping with RFLP markers is
expensive. Thus, it is important to determine the most
efficient way to obtain sufficient information about the
genetic control of a quantitative trait.



This study provided information on the effects of
changing some parameters in QTL analysis. First, we
found that analysis based on marker loci spaced 10.9 cM
apart gave almost the same results as those based on
marker loci spaced 7.2cM apart. A further decrease in
marker density resulted in the detection of fewer puta-
tive QTL at the selected thresholds. Since all of the QTL
not detected by reducing the number of markerlocito a
spacing of 22.1cM were those having small effects,
additional marker loci were particularly useful for de-
tecting minor genes. Second, the selection of appropriate
thresholds for declaring putative QTL seemed very
important and dependent upon the specific goal and
specific traits to be examined. In our study, 36 possible
QTL for 17 traits were considered to be insignificant
based on a LOD threshold of 2.8. This number is quite
large compared to the total number of 48 significant
QT1L. Although more of these loci will be false positives
than those exceeding the 2.8 LOD threshold, many of
these might be real QTL with minor effects on the trait.
The improvement of quantitative traits through plant
breeding often involves the accumulation of favorable
QTL having small effects on phenotypes. Therefore, a
less stringent threshold might be appropriate for detect-
ing minor QTL in an initial search. Additional testing
with larger populations, more environments, and other
populations will determine the value of targeting these
loci for selection in a breeding program.

Another factor affecting the detection QTL is the
method of measuring variation for a trait. In our study,
the presence or absence of 2 traits, pubescence and leaf
lobes, was controlled by single loci with dominant alleles
conferring the presence of the traits. Plants that were
homozygous recessive for these alleles did not provide
information on the degree of pubescence or the number
of leaf lobes, and thus they may have obscured our
ability to detect minor gene effects in the QTL analysis
of P2 and NLL2. By analyzing subsets of the population
including only individuals with the presence of the trait
(P3 and NLL3), we were able to detect additional puta-
tive minor genes controlling the degree of trait express-
ion. A potential problem with this type of approach is
the reduction in sample size by eliminating a portion of
the population. Thus, the existence of minor genes detect-
ed by this method should be confirmed by analyzing a
second, larger population. Another possible approach is
to measure the trait in a way that excludes a portion of
the phenotypic variation controlled by a major gene. An
example of this in our study was the petiole measure-
ment that excluded the portion of the petiole containing
lobes (PL1). These approaches seem especially useful for
analyzing populations in which the presence or absence
of traits is controlled by major genes.
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