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Abstract. A cross between the open-pollinated Brass-  

ica oleracea cabbage cultivar 'Wisconsin Golden Acre' 
and the hybrid broccoli cultivar 'Packman' was used 
with molecular markers to investigate the genetic con- 
trol of morphological variation. Twenty-two traits de- 
rived from leaf, stem, and flowering measurements 
were analyzed in 90 F 2 individuals that were also 
classified for genotype by restriction fragment length 
polymorphism (RFLP) markers. Seventy-two RFLP 
loci, which covered the mapped genome at an average 
of 10 map-unit intervals on all nine linkage groups, 
were tested individually for associations to phenotypic 
measurements by single factor ANOVA, and markers 
with significant associations ( P <  0.05) were used to 
develop multilocus models. These data were utilized to 
describe the location, parental contribution of alleles, 
magnitude of effect, and the gene action of trait loci. 
Single marker loci that were significantly associated 
(P<0.05)  with trait measurements accounted for 
6.7-42.7% of the phenotypic variation. Multilocus 
models described as much as 60.1% of the phenotypic 
variation for a given trait. In some cases, different 
related traits had common marker-locus associations 
with similar gene action and genotypic class ranking. 
The numbers, action, and linkages, of genes controlling 
traits estimated with marker loci in this population 
corresponded to estimates based on classical genetic 
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methods from other studies using similar, or similarly- 
wide, crosses. There was no evidence that genome 
duplication accounted for a significant portion of 
multiple genes controlling trait loci over the entire 
genome, but possible duplications of trait loci were 
identified for two regions with linked, duplicated 
marker loci. 
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Introduction 

Brassica oleracea is an important vegetable crop spe- 
cies which includes fully cross-fertile cultivars or form 
groups with widely-differing morphological character- 
istics (cabbage, broccoli, cauliflower, collards, Brussels 
sprouts, kohlrabi, and kale). Genetic studies of B. 
oleracea have been limited in part by the long gener- 
ation time of the biennials, the complex inheritance 
patterns of some traits, and the difficulty in overcoming 
self-incompatibility. However, genetic analyses of 
progeny from crosses between cultivar groups of B. 
oleracea have provided information on the inheritance 
of some morphological traits, such as annual habit 
(Detjen 1926; Dickson 1968; Baggett and Walhert 
1975; Pelofske and Baggett 1979), internode distance 
(Pease 1926; Dickson 1968; Pelofske and Baggett 
1979), heading (Kristofferson 1924; Pelofske and Bag- 
gett 1979), and leaf characteristics (Kristofferson 1924; 
Pease 1926). Complex inheritance was often reported 
for these traits; and in some cases different studies 
reported conflicting results, probably due in part to 
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differences in the accessions or  forms used as paren ts  to 
de te rmine  inheri tance.  A l though  B. oleracea does  not  
have an  extensive genetic m a p  of morpho l og i c a l  
markers ,  some l inkage associa t ions  for genes cont ro l -  
l ing morpho log i ca l  t ra i ts  have been detected in seg- 
regants  of  crosses between cul t ivar  g roups  (Pease 1926; 
Pelofske and  Bagget t  1979). 

The  complex  inher i tance  pa t te rns  of morpho log i -  
cal t rai ts  in B. oleracea can be dissected by  using 
molecu la r  m a r k e r  analyses.  These types  of  analyses  
emp loy  isozymes or  D N A  po lymorph i sms ,  such as 
res t r ic t ion  f ragment  length  po lymorph i sms  (RFLPs) ,  
to fully classify genotypes  of indiv iduals  at  m a r k e r  loci. 
Us ing  leas t -squares  or  m a x i m u m - l i k e l i h o o d  methods ,  
t ra i t  loci  can be identif ied and  local ized by  l inkage to 
m a r k e r  loci, and  the magn i tude  of gene effects and  
types of  gene ac t ion  for t ra i t  loci can be est imated.  Use 
of  a c o m m o n  set of  m a r k e r  loci in different crosses 
al lows for compar i sons  of t ra i t  loci f rom different 
sources. Molecu la r  marke r s  have been used to identify 
genes con t ro l l ing  var ious  t rai ts  in t o m a t o  (Tanksley  
et al. 1982; Nienhuis  et al. 1987; O s b o r n  et al. 1987; 
Wel ler  1987; Pa t e r son  et al. 1988; Tanks ley  and  Hewi t t  
1988; Young  et al. 1988) maize  (Edwards  et al. 1987, 
1992; S tuber  et al. 1987, 1992; D o e b l y  and  Stec 1991) 
and  soybean  (Keim et al. 1990). 

Accessions of  B. oleracea are highly po lymorph ic ,  
bo th  within and  between cul t ivar  groups,  for D N A  
res t r ic t ion f ragment  lengths (F igdore  et al. 1988; Song 
et al. 1988). This  divers i ty  has faci l i ta ted the const ruc-  
t ion of  the first R F L P  l inkage  m a p  in B. oleracea using 
a segregat ing  F 2 p o p u l a t i o n  f rom a cross between 
cabbage  (cult ivar  g roup  capitata) and  broccol i  (cul- 
t ivar  g roup  italica) (Slocum et al. 1990). C a b b a g e  and 
broccol i  represent  extremes for m a n y  traits.  C a b b a g e  is 
biennial ,  requires  low tempera tu res  for flower induct-  
ion, forms shor t  in ternodes ,  and  has round,  sessile 
leaves tha t  c lasp the p lan t  apex; where  as b roccol i  is an 
annual ,  does  no t  require  cold  to induce flowering, 
forms long in ternodes ,  and  has oblong,  pe t io la te  leaves 
tha t  tu rn  away  from the apex of the plant .  F o r  this 
study,  the same F 2 indiv iduals  used previous ly  for 
R F L P  l inkage  m a p p i n g  by  Slocum et al. (1990) were 
ana lyzed  for var ia t ion  in morpho log i ca l  traits,  such as 
f lower deve lopment ,  leaf d imensions ,  head ing  habit ,  
and  in te rnode  distance.  M a r k e r  loci were used to 
local ize and  es t imate  the effects of genes cont ro l l ing  
these traits.  

Materials and methods 

Plant materials 

A single F 2 population was used for RFLP linkage mapping and 
morphological trait analysis. It was generated from a cross 
between the open-pollinated cabbage cultivar 'Wisconsin 

Golden Acrb and the broccoli hybrid 'Packman', using cabbage 
as the maternal parent. F1 plants were vernalized for 6 weeks and 
plants were bud-pollinated to produce F 2 seed. F 2 seed from a 
single F~ plant, along with seeds from the same seed stock as the 
parents and F 1 seeds from crosses between the same parent 
plants, were sown in Madison, Wisconsin on July 14, 1987 
(day 1). Seeds were sown in 12-pack units (Comp-pack D812) 
using autoclaved soil (1 peat moss:l field soil: 1 sand) trans- 
planted to 30cm wide by 25 cm deep posts on August 4 (day 21), 
and maintained outside in cold flames. Plants were transferred 
to a greenhouse on October 9 (day 87) so that flowering traits 
could be evaluated for up to 300days. Plants were fed slow 
release fertilizer, Osmocote R (10-10-10), and sprayed intermit- 
tently with Diazanon R, Orthene R, Thuricide R and Pentac R for 
pest control. 

Trait measurements 

Eighteen traits related to leaf, stem, whole plant, and flowering 
characteristics were scored on 70-90 lZ'2 plants (Table 1). Four 
plants from the same seed lots as the parent plants and three F 1 
plants were measured concurrently with the F 2 population. Trait 
selection and measurement techniques were based on pheno- 
typic differences observed among parents and F 2 plants at the 
same growth stage, using phenotypic descriptors of B. oleraeea 
(IPBGR 1987) and methods from previous genetic linkage stud- 
ies (Pease 1926; Yarnell 1956; Pelofske and Baggett 1979). The 
majority of measurements were taken between 37 and 97 days 
after sowing and before tissue harvest for RFLP analysis. 
Measurement of a given trait was performed on the same day for 
all individuals, except for traits associated with maturity. Leaf 
measurements were performed on the adaxial surface of the 
largest leaf of a plant except where noted. Some traits were 
measured or scored twice, either to obtain averages or to deter- 
mine genetic control at two different stages in development 
(Table t). Ratios or sums were calculated on a subset of compo- 
nent traits to generate four new variables (compiled traits) which 
were thought to have biological significance (Table 1). Many of 
the compiled traits and component traits, as well as other traits, 
were significantly correlated in the F 2 population. These traits 
were included in the marker analysis in order to determine the 
degree of common marker-locus associations among the traits. 

RFLP marker analysis 

The 90 random F 2 plants analyzed in this study were a subset of 
the 96 plants used previously by Slocum et al. (1990) to construct 
a detailed RFLP linkage map ofB. oleracea. The source for DNA 
probes and the methods for detecting and mapping RFLPs were 
cited in that paper. Each plant was assigned to one of three 
genotypic classes for each of 72 marker loci: homozygous broc- 
coli (B/B), homozygous cabbage (C/C), or heterozygous (B/C). 
These marker loci were selected to cover the mapped genome at 
intervals of no more than 21 map units with an average distance 
of 10map units apart as determined by summing the map 
distances between all intervening marker loci (Slocum et al. 
1990). Recombination frequencies were transformed with a map- 
ping function developed by Kosambi (1944), so map distances 
reported herein are occasionally larger than the recombination 
frequencies reported by Slocum et al. (1990). 

In order to detect potential duplicated trait loci, a second 
analysis was conducted using segregation data for all 116 rep- 
licated marker loci (two or more segregating loci detected per 
probe) that had been mapped previously in this population 
(Slocum et al. 1990). This analysis resulted in a comParison of 79 
pairs of duplicated loci, since multiple comparisons could be 
made for replicated loci having three or more segregating copies. 



Table 1. Designation of traits and description of trait measurements 

Trait designation Description 
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Leaf traits 
Lamina length 

Lamina width 

Petiole length 
Lamina length/width 
Lamina/petiole length 
Leaf length 
Lamina petiole width 
Basal petiole width 
Lamina petiole thickness 
Basal petiole thickness 

Stem traits 
Distance of 20 internodes 
Distance between second and third node 
Distance between third and fourth node 

Leaf and stem traits with discrete classification 
Leaf number  
Head-forming leaf overlap 

Lamina curl 

Lamina color 

Flowering traits 
Annual vs biennial 

Days-to-bud 

Days-to-flower 
Days from bud to flower 
Size of cluster 

Distance (cm) from the base to the apex of the lamina (mean of measurements at 52 
and 59 days) 

Distance (cm) across the widest section of the lamina (mean of measurements at 52 
and 59 days) 

Distance (cm) from stem to lamina (mean of measurements at 52 and 59 days) 
Ratio lamina length to lamina width 
Ratio of lamina length to petiole length 
Sum of lamina length and petiole length 
Width (cm) of petiole cross section at the junction of petiole and midrib at 89 days 
Width (cm) of petiole cross section one cm from the stem taken at 89 days 
Thickness (cm) of petiole cross section at the junction of petiole and midrib at 89 days 
Thickness (cm) of petiole cross section one cm from the stem at 89 days 

Distance (cm) from soil to the twentieth internode measured at 97 days 
Distance (cm) from second node to third node measured at 52 days 
Distance (cm) from third node to fourth node measured at 52 days 

Number of open leaves at 59 days 
Degree of head forming habit  measured at 92 days on a scale of 0 (turning away from 

the apex at right angles) to 7 (tightly clasping the terminal bud) 
Degree of curling of the margins measured at 52 days on a scale of 0 (very wavy) to 3 

(straight) 
Gradat ion of lamina color measured at 52 days on a scale of 0 (blue green) to 5 (yellow 

green) 

Growth habit  scored as annual (less than 300 days to flower with no vernalization) or 
biennial (more than 300 days to flower with vernalization) 

Number of days to formation of a thumb sized bud cluster in the apical whorl of 
annual-type plants 

Number of days to first open flower of annual-type plants 
Number of days from bud cluster formation to open flower of annual-type plants 
Estimation of number of buds in a thumb sized flower cluster of annual-type plants 

Statistical analyses 

Significant associations between the 72 marker loci and the 22 
traits were detected initially using single factor ANOVA of the 
trait means for the three genotypic classes at marker loci (GLM 
procedure, SAS Institute 1982). The ANOVA model used to test 
for significant effects was: 

trait value = grand mean + genotypic class effect + error, 

assuming errors were independent and equal among the three 
genotypic classes. Least significant differences among genotypic 
class means were determined by Scheff6s test controlling the 
Type I errror at P < 0.05 among classes (Snedecor and Cochran 
1980). Genotypic class effects at a locus were partitioned into 
additive and dominance components and were estimated using 
the contrasts: B/B vs C/C (additive) and B/C vs (B/B + C/C)/2 
(dominance). Additive, partial-dominance, dominance, and 
overdominance assignments were based on the magnitude of the 
ratio of the dominance component effect over the additive 
component  effect (Stuber et al. 1987). Interlocus interactions 
(epistasis) for genotypic effects at selected pairs of marker loci 
were analyzed with the SAS G L M  procedure, and the interaction 
was paritioned with the four orthogonal contrasts (addi- 
tive x additive, dominant  x additive, additive x dominant, 
and dominant  x dominant). Precise trait locus map positions 
were not estimated in this study, but in most cases trait loci 
were assumed to be localized between the marker loci having 

the strongest associations (highest R 2 value and lowest P 
value). 

The number  of marker loci significantly associated with traits 
can underestimate the number of trait loci because tightly-linked 
genes affecting a given trait might not be distinguishable, or can 
overestimate the number of trait loci if multiple linked markers 
are associated with a single trait locus. To provide a minimum 
estimate of the number of trait loci, multiple marker loci asso- 
ciated with traits were further analyzed using the SAS GLM 
procedure. Approximately 4-12 nnlinked or partially-linked 
marker loci that were-the most significant as determined by 
one-way ANOVA were initially incorporated into the following 
multilocus model: 

trait value = grand mean + genotypic class effect 1 

+ genotypic class effect 2 + ' "  + error. 

Marker loci were excluded manually, one at a time, based on the 
criterion of least-significant (Type III sum of squares, P < 0.05) 
contribution to the model in a "backwards elimination" process 
analogous to stepwise regression. The genotypic data were 
slightly modified for multilocus models by estimating missing 
genotypes for particular plants using flanking marker loci. Het- 
erozygotes were assigned for the few cases where missing data 
occurred in a crossover region and resulted in an 0.5 probability 
of choosing the correct marker locus genotype. This modifica- 
tion was necessary to maintain sufficient data set size. 
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Chi-square tests of marker associations were also performed 
for the trait annual vs biennial using cross-tabulation frequency 
tables with the SAS FREQ procedure. Normality of the F 2 
population distribution for each trait was determined using the 
SAS UNIVARIATE procedure. Pearson correlation coefficients 
and simple statistics on the traits of the F 2 population were 
calculated with the SAS CORR procedure. Equality of variance 
among genotypic classes was checked through residual plot 
analysis using the SAS GLM procedure. 

Results and discussion 

Parental, F 1, and mapping-population phenotype 

Significant differences between the parents, 'Wisconsin 
Golden  Acre'  cabbage and ' P a c k m a n '  broccoli,  were 
found for all traits except lamina width and basal 
petiole thickness (Table 2). The F 1 plants were inter- 
mediate to the parents for mos t  traits, but  for many  leaf 
and stem traits, the F 1 values were closer to the broc- 
coli parent  values, suggesting dominance  or partial 
dominance  for broccoli  alleles. The F 2 popula t ion  
included individuals with a wide range of phenotypes  
and transgressive segregants were observed for m a n y  
traits (Table 2). Al though the plants segregated widely 
for a number  of morphologica l  characteristics, m a n y  of 

which were analyzed in this study, no  commericial  
broccoli  or  cabbage types were observed. 

Highly-significant correlations (P<0 .001 )  were 
found between some traits measured in the F e popula-  
tion. Lamina  length was positively correlated with 
lamina width ( R =  0.60) and with petiole length 
(R = 0.40), and negatively correlated with lamina color 
(R = -0.34).  Days- to-bud was strongly correlated with 
days-to-flower (R = 0.92) and with head-forming leaf- 
overlap (R = 0.42). Annual vs biennial was also correlated 
with head-forming leaf-overlap. All measurements  of 
internode distance were positively correlated (R = 0.20 
to 0.43). 

The popula t ion  was normal ly  distributed for 
lamina width, petiole length, distance of 20 internodes, 
and stem diameter. However,  for other  traits, the popu-  
lation was not  normal ly  distributed. Deviations from 
normal i ty  might  be expected for traits controlled by 
dominan t  or  par t ia l ly-dominant  alleles having major  
effects. 

Marker locus-trait associations 

Of the 1,584 total marker  locus-trait  comparisons  (22 
traits x 72 marker  loci), 192 (12.1%) were significant at 
P < 05, 88 (5.5%) were significant at P < 0.01, and 26 

Table 2. Means (standard deviations) and ranges of parental, F 1 and F 2 plants for morphological traits 

Trait a Wisconsin Packman mean F1 mean F2 mean F2 range 
Golden Acre (std. dev) (std. dev.) (std. dev.) 
mean (std. dev.) 

Lamina length (cm) 13.09 (0.59) 17.82 (0.69) 17.53 (0.65) 17.67 (2.36) 9.5 22.8 
Lamina width (cm) 14.06 (0.51) 14.14 (1.22) 14.88 (0.28) 15.77 (2 .13)  9.2-21.0 
Petiolelength (cm) 0.00 (0.00) 11.30 (0.83) 9.50 (1.08) 10.50 (2 .28)  3.8-17.9 
Lamina length/width 0.93 (0.06) 1.14 (0.02) 1.19 (0.04) 1.12 (0 .14)  0.8-4.3 
Lamina/petiole length 0.00 (0.00) 1.52 (0.43) 1.83 (0.73) 1.76 (0 .47)  0.8-4.3 
Leaf length (cm) 13.10 (0.07) 29.10 (1.31) 27.10 (0.94) 28.18 (3.80)  16.4-37.2 
Lamina petiole width (cm) 2.18 (0.36) 0.80 (0.08) 1.17 (0.06) 1.16 (0 .39)  0.6-2.9 
Basalpetiole width (cm) 2.18 (0.36) 1.63 (0.13) 2.13 (0.15) 1.99 (0 .37)  1.1-2.9 
Lamina petiole thickness (cm) 1.05 (0.06) 0.85 (0.10) 1.20 (0.17) 1.04 (0 .19)  0.7-1.5 
Basal petiole thickness (cm) 1.05 (0.06) 0.95 (0.10) 1.20 (0.17) 1.02 (0 .26)  0.6-1.9 
Distance of 20 internodes (cm) 5.12 (0.25) 17.40 (1.92) 12.40 (2.44) 16.46 (3 .21)  8.5-25.5 
Distance between second and 0.63 (0.30) 1.55 (0.92) 1.60 (0.10) 1.77 (0 .73)  0.3-3.6 

third node (cm) 
Distance between third and 0.55 (0.21) 1.45 (0.78) 1.53 (0.21) 1.66 (0 .64)  0.5-3.6 

fourth node (cm) 
Leaf number 10.5 (1.3) 13.5 (1.0) 13.0 (1.7) t2.0 (3.1) 6-25 
Head-forming leaf overlap (0 7) 7.0 (0.0) 1.0 (0.0) 2.5 (0.6) 4.7 (1.2) 1-7 
Lamina curl (0-3) 0.0 (0.0) 3.0 (0.0) 1.7 (0.6) 1.6 (0.9) 0-3 
Lamina color (1-5) 5.0 (0.0) 1.0 (0.0) 3.0 (0.0) 2.9 (1.5) 1-5 
Days-to-bud b >300.0 (0.0) 45.8 (4.4) 154.7 (15.8) 142.0 (48 .9)  62-281 
Annual (0) vs biennial (1) 1.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1 (0.3) 0-1 
Days-to-flower b >300.0 (0.0) 79.0 (28.0) 171.0 (15.1) 179.5 (51 .0)  83-295 
Days from bud to flower b 13.0 (4.5) 33.2 (9.6) 16.3 (6.3) 30.8 (19.7) 11-70 
Size of cluster (50-i000) b 50.0 (0.0) 1000.0 (0.0) 100.0 (0.0) 229.1 (117.1) 50-500 

" See Table i for description of traits 
u Measured only on annual type plants in the F 2 population 



(1.6~o) were significant at P < 0.001. Twenty-one of the 
twenty-two traits tested had at least one marker locus 
significantly associated at P < 0.01, and nine traits 
were significantly associated with at least one marker 
locus at P < 0.001. R 2 values ranged from 0.067 to 
0.427 for significant (P < 0.05) comparisons. Thirteen 
marker loci had R 2 values of over 0.200 for some trait. 
T h e s e  R 2 values are higher, but the percentage of 
significant comparisons are lower, than those found in 
studies of maize which utilized fewer marker loci and 
much larger populations (Edwards et al. 1987; Stuber 
et al. 1987). In a more recent study of maize which 
employed 114 marker loci and 187 F 2 plants (Edwards 
et al. 1992), the proportion of significant (P < 0.05) 
comparisons was closer to that observed in our study. 
Differences inherent in these species, the crosses used, 
the traits tested, population size, and the measurement 
precision, could account for variability in the propor- 
tion of significant comparisons observed. 

With certain traits, unequal variances were evident 
among genotypic classes at some marker loci. This may 
be due in part to the non-normal distribution of the 
population for these traits. For  two traits in which 
unequal variance was the most severe, log and square- 
root transformations reduced the nonconstant vari- 
ance, but in both cases the transformations did not 
change the significance or magnitude of the trait loci 
detected. Thus, only the analysis of untransformed 
data are reported here. 

The 192 significant marker locus-trait comparisons 
represent the total number irrespective of marker link- 
age.- Marker loci significantly associated with a given 
trait were commonly found in clusters around a pre- 
sumed trait locus. Generally, peaks in the magnitude of 
effects, reflected by R z values, were found in the center 
of a cluster and decreased on either side. Flanking 
marker loci may reflect effects of linkage to one trait 
locus or indicate multiple-linked trait loci conferring 
similar effects. In the multilocus models, generally all 
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but one marker locus on a linkage group was elimi- 
nated from the model. Often marker loci on indepen- 
dent linkage groups were also excluded. One-to-four 
marker locus comparisons were maintained in a multi- 
locus model for each of the traits. R 2 values for multi- 
locus models ranged from 0.129 for leaf number to 
0.601 for days-to-bud. 

Flowering traits 

The parents used in this study had diverse characteris- 
tics associated with floral development. The F 1 was 
intermediate to the parents and behaved as a late 
annual, forming buds at 155 days. The F 2 population 
segregated widely for flowering characteristics, several 
of which were evaluated in this study (Table 1). Bud 
development of the F 2 population spanned more than 
300 days and included plants that did not flower by late 
summer or in the greenhouse during winter (Fig. 1). 

Nine of eighty-three plants scored for this trait did 
not develop buds by 300 days from sowing. These 
plants required vernalization to flower and were desig- 
nated as biennials. Plants were assigned indicator vari- 
ables depending on whether they behaved as annuals 
(flowering by 300 days) or biennials (flowering after 300 
days with vernalization). Significant comparisons 
(P > 0.05) were found for nine marker loci on linkage 
groups 2C, 5C, and 7C (Fig. 2). Peak R z values among 
linkage groups ranged from 0.119 to 0.236. The 
greatest effects were found on linkage groups 5C and 
7C where significant associations were detected among 
contiguous markers spanning 27 and 35 map units, 
respectively. Gene action was determined to be par- 
tially dominant for marker loci on linkage groups 5C 
and 7C. Genotypic class rankings for the marker locus 
associations was always C/C > B/C > B/B. The multi- 
locus model included marker loci 4a on 5C and 43e on 
7C and had an R 2 of 0.368 for the trait. Analysis of the 
biennial plant genotypes at these two marker loci 
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Fig. 1. Frequency distribution of the Wis- 
consin Golden Acre (WGA)x  Packman 
Fz population for days-to-bud. Nine indi- 
viduals did not develop buds before 300 
days without vernalization treatment. 
Days-to-bud for the parents and F 1 are 
shown with a r r o w s  
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indicated that at least one of the loci was homozygous 
for cabbage alleles: four biennial plants were C/C at 
both marker  loci 4a and 43e, four were C/C at one locus 
and B/C at the other, and one plant was C/C at marker  
locus 43e and B/B at 4a. No individuals were recovered 
that were annuals and were homozygous for cabbage 
alleles at both loci. A test of epistatic interaction be- 
tween these two loci was highly significant (P < 0.001). 
Incorporat ion of the interaction term in the multilocus 
model increased the R 2 to 0.511. The effect was par- 
titioned by gene action contrasts; additive-by-additive 
and dominant  (marker locus 4a)-by-additive (marker 
locus 43e) interactions were found to be the most  
significant (P < 0.001). 

Chi-square tests of marker  associations with the 
categorical phenotype annual vs biennial were per- 
formed by using cross-tabulation frequency tables. 
This provided a confirmation of the GLM-derived 
associations, as ANOVA with categorical responses is 
not robust. The P values of associations derived with 
chi-square tests and ANOVA closely approximated 
each other in all cases tested. Thus, only results from 
ANOVA are reported. 

To test for population homogeneity of the biennial 
and annual subsets of the F 2 population, genotypic 
class means for a set of traits (lamina length, lamina 
width, and distance of 20 internodes) were compared 
between biennial and annual classes. In general, the 
biennials and the annuals had similar means for these 
traits. In nearly all cases, results from analysis of 
annuals alone and results from analysis of annuals and 
biennials together provided similar magnitudes of 
associations with marker  loci. Thus, both annuals and 
biennials were analyzed as one population for marker  
associations for all traits except days-to-bud, days- 
to-flower, days from bud to flower, and size of cluster. 

F 2 plants within the annual groups were analyzed 
for days-to-bud and significant associations (P < 0.05) 
of 14 marker  loci on five linkage groups were detected 
(Fig. 2). Maximum R 2 values ranged from 0.102 to 
0.390 for marker  loci among these linkage groups. The 
greatest effects were on linkage groups 2C and 7C 
where significant associations were detected for conti- 
guous markers spanning over 40 map units on each 
linkage group. Gene action was estimated to be addi- 
tive on linkage groups 1C, 2C, and 7C but dominant on 
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linkage groups 3C and 9C. The multilocus model 
included marker loci 29b (1C), 8 (2C), 148 (7C), and 43b 
(9C) and had an R 2 value of 0.601. Marker locus 113 on 
linkage group 3C was not significant in the multiple 
regression model and this locus may be associated with 
the trait as a result of a chance correlation of alMic 
segregation with other significant marker loci. The 
ranking of genotypic class means were C/C > B/C > 
B/B for significant marker loci on linkage groups 2C 
and 7C, as would be expected if cabbage provided 
alleles for delayed flowering. However, for significant 
marker loci on linkage groups, 1C and 3C, genotypic 
class means were ranked in the opposite order. Thus, 
marker analyses allowed us to uncover alleles for rapid 
flowering from the cabbage parent which normally 
may be masked by alleles for the biennial habit. 

Most marker loci associated with days-to-bud were 
also associated with days-to-flower in the annual 
group of F 2 plants (Fig. 2). This result is not unex- 
pected since many genes that affect time-to-bud forma- 
tion also would affect time-to-flowering. The trait days 
from bud to flower was a measure of the interim 
between bud formation and floral opening. Two 
marker loci (133 on linkage group 3C and 170 on 
linkage group 8C) were significantly (P < 0.05) asso- 
ciated with this trait. For both loci, the broccoli parent 
contributed alleles associated with a greater number of 
days from bud to flower. This is consistent with pa- 
rental phenotypes in that broccoli bud clusters remain 
closed for a relatively long period of time after forma- 
tion, while cabbage buds generally open more quickly. 
The significant marker locus associations indicate that 
both parents contribute alleles that delay flower devel- 
opment: primarily cabbage during early floral develop- 
ment and broccoli during late floral development. 

The trait size of cluster was an estimate of the 
number of individual buds in the main floral stem of 
annual-type plants at the time of bud formation. Sig- 
nificant (P <0.05) associations were observed for 
marker loci on linkage groups 2C,4C, 5C, and 9C 
(Fig. 2). The expected ranking of genotypic class means 
was observed, as the B/B class had the largest clusters 
and the C/C and B/C classes had the smallest. Three of 
the four marker loci associated with size of cluster were 
also associated with days-to-bud or annual vs biennial, 
suggesting multiple related effects of single genes or 
close linkage among different genes controlling flow- 
ering traits in these regions. 

Leaf traits 

The F 2 population segregated visibly for leaf size and 
shape, including both lamina and petiole dimensions, 
and transgressive segregants were observed for all leaf 
traits (Table 2). Leaves were measured during active 
vegetative growth at 52 and 59 days and an average 

value was calculated. During the seven-day interval 
between the two sets of measurements, lamina growth 
averaged 2.9 cm for length and 1.2 cm for width. Petiole 
width and thickness were measured only once, and 
because of the small dimensions these measurements 
were less precise. 

Highly-significant comparisons (0.0001 < P < 
0.0002) were found for lamina length, lamina width, 
and petiole length, R 2 values for significant compari- 
sons (P < 0.05) ranged for 0.067 to 0.179. Significant 
associations of marker loci were detected on linkage 
groups 4C, 5C, and 6C for lamina length, on linkage 
groups 1C, 4C, 5C, and 7C for lamina width, and on 
linkage groups 1C, 4C, 5C, and 9C for petiole length 
(Table 3). Multilocus models for these traits included a 
minimum of three marker loci, each positioned on a 
different linkage group, and R 2 values for these models 
were 0.256 for lamina length, 0.318 for lamina width, 
and 0.320 for petiole length. The small number of 
genomic regions with highly-significant associations 
suggests that a small number of genes with large effects 
controlled leaf dimensions. 

Trait loci controlling different leaf traits were often 
localized to the same genomic regions (Table 3). Many 
of these trait loci with common positions also had the 
same genotypic class ranking and gene action. For 
example, lamina length, petiole length, and basal 
petiole thickness were associated with common marker 
loci on linkage group 4C which revealed the same type 
of gene action and genotypic class ranking for each 
trait. Common marker loci with the same gene action 
and genotypic class rankings also were observed for 
lamina length and basal petiole thickness on linkage 
group 6C and for lamina width and basal petiole width 
on linkage group 7C. Marker loci associated with basal 
petiole thickness were generally associated with lamina 
petiole thickness, and basal petiole width shared com- 
mon marker locus associations with lamina petiole 
width (data not shown). Although significant associ- 
ations were found on linkage groups 4C and 5C for 
both lamina length and lamina width, different 
markers within 4C and 5C were associated with the 
two traits and markers on other linkage groups were 
associated with only one trait. Thus, some regions of 
the genome appeared to control one leaf trait specifi- 
cally whereas others had effects on several leaf traits. 

Ratios and sums were taken for some of the leaf 
measurements to make the compiled traits leaf length, 
lamina length/width, and lamina/petiole length (Tables 1 
and 3). Marker loci that were significantly associated 
with component traits were often, but not always, 
associated with a compiled trait. The magnitude of 
effects for significantly-associated markers were gen- 
erally lower for complied traits than component traits, 
although some associations were larger (Table 3, 
petiole and lamina length vs leaf length on linkage 



T
ab

le
 3

. 
L

ar
g

es
t 

ge
no

ty
pi

c 
cl

as
s 

m
ea

n
, 

si
gn

if
ic

an
ce

 l
ev

el
, 

R
 2

 v
al

ue
, 

an
d

 g
en

e 
ac

ti
o

n
 f

or
 1

0 
se

le
ct

ed
 m

ar
k

er
 l

oc
i 

fr
o

m
 f

iv
e 

li
nk

ag
e 

g
ro

u
p

s 
th

at
 w

er
e 

si
gn

if
ic

an
tl

y 
as

so
ci

at
ed

 w
it

h 
le

af
 

d
im

en
si

o
n

 t
ra

it
s 

T
ra

it
s a

 
G

en
et

ic
 i

n
fo

rm
at

io
n

 
L

in
k

ag
e 

L
in

k
ag

e 
L

in
k

ag
e 

L
in

k
ag

e 
L

in
k

ag
e 

or
 s

ta
ti

st
ic

 r
ep

o
rt

ed
 

g
ro

u
p

 1
C

 
g

ro
u

p
 4

C
 

g
ro

u
p

 5
C

 
g

ro
u

p
 6

C
 

g
ro

u
p

 7
C

 

61
a 

12
8 

10
b 

26
 

17
4 

67
a 

92
a 

30
 

11
1 

25
b 

L
am

in
a 

le
n

g
th

 
> 

C
la

ss
 a

n
d

 s
ig

. 
le

ve
l b

 
H

B
*

 
B

H
*

 
C

B
*

 
B

H
*

*
 

B
H

*
 

R
 2

 v
al

ue
 

_d
 

0.
12

0 
0.

10
2 

- 
0.

08
0 

- 
0.

17
9 

0.
19

5 
G

en
e 

ac
ti

o
n

 ~
 

P
D

o
m

 
P

D
o

m
 

D
o

ra
 

P
D

o
m

 
A

d
d

 
L

am
in

a 
w

id
th

 
> 

C
la

ss
 a

n
d

 s
ig

. 
le

ve
l 

C
H

*
*

 
H

C
*

 
C

B
* 

B
C

*
*

 
R

 2
 v

al
ue

 
0.

10
3 

0.
11

3 
- 

0.
11

1 
- 

- 
- 

0.
12

1 
G

en
e 

ac
ti

o
n

 
A

d
d

 
O

D
o

m
 

O
D

o
m

 
O

D
o

m
 

P
et

io
le

 l
en

g
th

 
> 

C
la

ss
 a

n
d

 s
ig

. 
L

ev
el

 
H

B
*

*
 

B
H

*
*

 
B

H
*

*
 

R
 2

 v
al

ue
 

- 
- 

0.
15

6 
0.

16
1 

- 
0.

12
1 

- 
- 

G
en

e 
ac

ti
o

n
 

D
o

m
 

P
D

o
m

 
A

d
d

 
B

as
al

 p
et

io
le

 w
id

th
 

> 
C

la
ss

 a
n

d
 s

ig
. 

le
ve

l 
B

C
*

*
 

R
 2

 v
al

ue
 

.
.

.
.

.
.

.
.

 
0.

13
5 

G
en

e 
ac

ti
o

n
 

O
D

o
m

 
B

as
al

 p
et

io
le

 t
h

ic
k

n
es

s 
> 

C
la

ss
 a

n
d

 s
ig

. 
le

ve
l 

B
H

*
*

 
B

H
*

*
 

B
**

 
R

 2
 v

al
ue

 
- 

- 
0.

11
6 

0.
10

8 
- 

- 
0.

16
9 

- 
G

en
e 

ac
ti

on
 

P
D

o
m

 
P

D
o

m
 

A
d

d
 

L
ea

f 
le

n
g

th
 

> 
C

la
ss

 a
n

d
 s

ig
. 

le
ve

l 
H

B
*

*
 

B
H

*
*

 
C

B
* 

B
C

H
*

 
B

H
*

*
 

B
H

*
*

 
R 

z 
va

lu
e 

- 
- 

0.
19

4 
0.

18
1 

- 
0.

06
7 

0.
07

4 
0.

13
9 

0.
11

2 
- 

G
en

e 
ac

ti
o

n
 

D
o

m
 

P
D

o
m

 
P

D
o

m
 

O
D

o
m

 
P

D
o

m
 

P
D

o
m

 
L

am
in

a 
le

n
g

th
/w

id
th

 
> 

C
la

ss
 a

n
d

 s
ig

. 
le

ve
l 

B
* 

B
* 

B
H

*
*

*
 

H
B

*
*

 
B

H
*

 
R

 2
 v

al
ue

 
0.

09
5 

0.
14

2 
0.

15
4 

0.
11

5 
0.

07
1 

- 
- 

G
en

e 
ac

ti
o

n
 

A
d

d
 

A
d

d
 

P
D

o
m

 
D

o
m

 
P

D
o

m
 

L
am

in
a/

p
et

io
le

 l
en

g
th

 
> 

C
la

ss
 a

n
d

 s
ig

. 
le

ve
l 

B
H

*
 

R
 2

 v
al

ue
 

- 
0.

08
1 

- 
G

en
e 

ac
ti

o
n

 
A

d
d

 

" 
S

ee
 T

ab
le

 1
 f

or
 d

es
cr

ip
ti

on
 o

f 
tr

ai
ts

 
b 

C
, 

H
, 

an
d

 B
 d

en
o

te
 c

ab
ba

ge
 h

o
m

o
zy

g
o

u
s,

 h
et

er
o

zy
g

o
u

s,
 o

r 
br

oc
co

li
 h

o
m

o
zy

g
o

u
s 

g
en

o
ty

p
ic

 c
la

ss
 a

s 
h

av
in

g
 t

he
 l

ar
ge

st
 m

ea
n

. 
M

o
re

 t
h

an
 o

ne
 a

ss
ig

n
m

en
t 

w
as

 u
se

d
 w

h
en

 c
la

ss
es

 c
ou

ld
 n

o
t 

be
 d

if
fe

re
nt

ia
te

d 
by

 S
ch

ef
fe

's
 t

es
t 

at
 P

 <
 0

.0
5.

 *
,*

*,
 a

n
d

 *
**

 d
en

o
te

 l
ev

el
s 

of
 s

ig
ni

fi
ca

nc
e 

P 
< 

0.
05

, 
0.

01
, 

an
d

 0
.0

01
, 

re
sp

ec
ti

ve
ly

, 
fr

o
m

 s
in

gl
e 

fa
ct

or
 A

N
O

V
A

 
c 

A
dd

, 
P

D
o

m
, 

D
or

a,
 a

n
d

 O
D

o
m

 
d

en
o

te
 a

dd
it

iv
e,

 p
ar

ti
al

 d
o

m
in

an
t,

 d
o

m
in

an
t,

 a
n

d
 o

ve
r 

(o
r 

un
de

r)
 d

o
m

in
an

t 
ge

ne
 a

ct
io

n,
 r

es
pe

ct
iv

el
y 

a 
-,

 d
en

ot
es

 n
on

-s
ig

ni
fi

ca
nt

 m
ar

k
er

 l
oc

us
-t

ra
it

 a
ss

o
ci

at
io

n
 (

P
 >

 0
.0

5)
 



group 4C). A fraction (6 of 27) of the significant associ- 
ations for complied traits were found at marker loci 
with no detectable component trait association and 
these associations were small (0.05 > P > 0.01). In gen- 
eral, it appears there is little genetic variation for 
complied traits over and above that which was directly 
associated with component traits for leaf dimensions. 
That is, leaf shape appears to be determined by genetic 
effects on lateral or axial growth as opposed to an 
overall shape. Fundamental differences in genetic con- 
trol of length and width is supported by anatomical 
observations of the two primordial leafmeristems (api- 
cal and marginal) that divide differentially to provide 
either length or width (Esau 1976). 

The significant correlations observed between some 
pairs of traits are probably due to the same gene(s) 
controlling the traits�9 Evidence for this was obtained 
for the correlated traits petiole length and lamina 
petiole thickness (R = 0.34, P = 0.0015) where one half 
(7 of 14) of the marker loci with significant associations 
to petiole length had significant associations to lamina 
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pet iole  thickness.  These m a r k e r  loci also showed simi- 
lar  gene ac t ion  and genotypic  class rankings.  However ,  
for the h igh ly-cor re la ted  trai ts  l amina  length and 
l amina  width  (R = 0.60, P < 0.0001), only  two out  of 
the thir teen m a r k e r  loci significantly associa ted  with 
l amina  length were also associa ted  with l amina  width.  
This result  seems to suggest tha t  these h ighly-corre-  
la ted trai ts  are con t ro l led  by different genes; however,  
they m a y  be cont ro l led  by a c o m m o n  set of  genes 
having only small  effects on one or  bo th  t rai ts  which 
were not  detected in this study.  

Stem traits 

Internode distance was measured by different methods 
(a single internode or 20 internodes) at different times 
(52 or 97 days, respectively). Of these, the best measure 
of overall plant compactness was the trait distance of 
20 internodes. Significant comparisons (P < 0.05) for 
this trait were found in five genomic regions on linkage 
groups 1C, 2C, 3C, 4C and 9C (Fig. 3). Additive gene 
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action was observed for marker associations on link- 
age groups 1C, 3C, and 4C and overdominance was 
observed for those on 2C and 9C. The multilocus 
model included marker loci 29b (1C), 113 (3C), and 
153a (9C) and had a cumulative R 2 = 0.314; however, 
most of the variation was explained by loci at the center 
of linkage group 3C (locus 113, R 2 = 0.213). 

The marker loci on 3C that were strongly asso- 
ciated with the distance of 20 internodes were also 
strongly associated with the single internode distances 
(Fig. 3). Maximum effects for distance between the 
third and fourth node were found at the same marker 
locus as for distance of 20 internodes (locus 113). 
However, the greatest effect for the distance between 
the second and third internodes was found at marker 
locus 95, 22 map units away from marker locus 113. All 
associations of loci on linkage group 3C had additive 
gene action, with broccoli having the largest genotypic 
class mean. On other linkage groups, marker loci were 
associated exclusively with measurements of single 
internode distances. Highly-significant effects (P < 
0.001) were found for the distance between second and 
third node on linkage group 5C where no marker locus 
associations were found for the distance of 20 inter- 
nodes. Most interesting for this cluster of associations 
was the ranking of the genotypic class means, with 
cabbage contributing alleles to the larger mean value. 
Marker locus 9a was also significantly associated with 
the distance between third and fourth nodes, and cab- 
bage contributed alleles to the larger genotypic class 
mean. These associations are not unexpected since the 
first few internodes of a cabbage plant are not as 
compact as subsequent ones. The different marker loci 
associated with the distances at different internodes 
may reflect a developmental shift in the genetic control 
of internode distance. 

Inheritance studies in F 2 progenies from crosses of 
B. oleracea indicated one major gene (T) controlling 
plant height (Pease 1926). However, multigenic addi- 
tive inheritance for internode distance (measured from 
the average of 5-15 internodes of a center stem section ) 
was found using backcross and F z segregation data 
from cabbage x broccoli (Pelofske and Baggett 1979). 
Marker analyses in our study indicated one linkage 
group (3C) contained a major gene for internode 
distances that is closely linked to marker locus 113. 
While our population did not exhibit a discrete classifi- 
cation for this trait, this gene may correspond to the 
major gene T dentified by Pease (1926). 

Crosses within B. oleracea have allowed some link- 
age associations to be established among genes 
controlling different morphological traits (Pease 1926; 
Yarnell 1956; Pelofske and Baggett 1979). Genes con- 
trolling heading habit, petiole length, and lamina 
width, were proposed as a linkage group in crosses of 
cabbage by kohlrabi (Pease 1926). Another linkage 
group for head-forming leaf overlap, plant height, and 
lamina curl has been reported for crosses of cabbage by 
curly kale (Pease 1926). Heading habit and biennial 
habit has been reported to be linked based on a cross of 
broccoli by cabbage (Pelofske and Baggett 1979). In 
our study, highly-significant (P < 0.01) marker locus- 
trait associations to head-forming leaf overlap, petiole 
length, lamina width, and annual vs biennial habit were 
found on linkage group 5C. The strongest marker 
locus-trait associations for lamina curl and the dis- 
tance of 20 internodes were found on linkage group 3C; 
however, no association with heading habit was found 
for marker loci on this linkage group (data not shown). 
The similar linkages of genes controlling some traits 
reported in previous studies and in our study may 
reflect common genetic control of these morphological 
traits in different crosses of B. oleracea accessions. 

Relationship to other inheritance studies 

Using crosses among cuttivar groups of B. oleracea 
(Detjen 1926; Dickson 1968) and using biennial 
mutants (Walkof 1963), previous genetic studies have 
provided evidence for single gene control of annual vs 
biennial habit. More recently, polygenic inheritance 
was observed for annual vs biennial habit in a cross 
between broccoli and cabbage (Pelofske and Baggett 
1979). F 2 segregants and F 1 backcross progenies 
from this cross had dominant gene action for the 
annual habit. Multigenic additive inheritance was re- 
ported for the timing of bud development within the 
annual class (Pelofske and Baggett 1979). Our data 
are generally consistent with the same gene numbers 
and type of gene action as those estimated for the 
cabbage x broccoli population used by Pelofske and 
Baggett (1979). 

Genome organization of trait loci 

Many of the DNA clones used to construct the B. 
oleracea linkage map hybridized to multiple segregat- 
ing loci, indicating extensive DNA sequence duplica- 
tion in the genome (Slocum et al. 1990). Trait loci in the 
regions of these duplicated RFLP loci might also 
represent duplicated gene sequences. Detection of 
individual traits associated with both marker loci of a 
duplicated pair would provide evidence for the 
evolution of some polygene systems by genome dupli- 
cation. 

We investigated this possibility by comparing the 
number of traits observed to be associated significantly 
(P < 0.05) with both marker loci of a duplicated pair to 
the number of traits expected to be associated with 
both duplicated marker loci by chance. The expected 
number was calculated by multiplying the number of 
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Although some of the duplicated RFLP loci previ- 
ously mapped appeared to be distributed randomly 
throughout the genome, a large proportion were pre- 
sent as conserved duplicated linkage blocks (Slocum 
et al. 1990). These conserved duplicated regions might 
be expected to contain a higher frequency of duplicated 
trait loci than regions where duplicated linkage blocks 
were not detected. However, when only these con- 
served duplicated regions were considered, we ob- 
served no greater frequency of traits associated with 
both duplicated loci in the region than would be 
expected by chance. Thus, our data does not provide 
evidence that gene duplication is a major source of 
polygenes controlling morphological variation in this 
population as tested. However, one conserved du- 
plicated region present on linkage groups 1C and 3C 
had pairs of duplicated marker loci associated with 
flowering, stem, and leaf traits (Fig. 4). These regions 
may represent a highly-conserved genome duplication 
containing homologous trait loci that were expressed 
in our population. Analysis of this population under 
different conditions, or of other segregating popula- 
tions, using duplicated marker loci may reveal other 
regions where trait locus duplication possibly has oc- 
curred. 

- D is tance of twenty i n te rnodes 

I - - - I  - Days  to flower 

- L a m i n a  color 

Fig. 4. Trait loci associated with duplicated marker loci on 
linkage groups 1C and 3C. Duplicated marker loci detected by 
the same set of probes on 1C and 3C are connected by solid lines. 
The traits distance of 20 internodes, days-to-flower and lamina 
color, which were associated with duplicated marker loci, are 
indicated by bars (on the right-hand side of the linkage group) 
next to all significantly associated marker loci (on the left-hand 
side of the linkage group). R 2 values of associations are indicated 
by the length of bars. Estimated map unit distances are listed 
between marker loci 

traits associated with a marker locus to the number 
associated with its duplicated marker locus and divid- 
ing the product by 22, the total number of traits scored. 
These expected numbers of trait associations were 
summed for all 79 duplicated loci pairs observed 
(Slocum et al. 1990) and compared to the observed 
number of traits associated with both loci of the 79 
marker locus pairs. The observed number of traits 
associated with both duplicated marker loci (32) was 
less than the number expected to be associated by 
chance (33.7). These results provide no evidence that 
pairs of loci controlling individual traits were preferen- 
tially associated with pairs of duplicated DNA 
sequences detected over the entire B. oleracea genome 
with our probes. 

Conclusions 

In this study, we report on the location, effects, and 
gene action ofloci controlling morphological variation 
in a segregating population from a cross between 
cultivar groups of B. oleracea. Trait loci were detected 
by using the three genotypic classes as a variable in a 
single-factor ANOVA for each marker locus. We 
report all significant associations between marker loci 
and traits at P < 0.05, but include the significance levels 
so the reader can judge the importance of each associ- 
ation. By using RFLP marker loci distributed through- 
out the B. oleracea genome, we have probably detected 
most of the major genes and many of the minor genes 
controlling morphological variation in this population 
under these environmental conditions. Many of the 
trait loci we detected had large effects, and these may 
represent genes that were scored as qualitative factors 
in previous studies. Indeed, several of the linkages 
between trait loci we detected were also reported in 
previous studies,, some of which involved crosses be- 
tween different cultivar groups. It is possible that a 
common set of genetic loci control a major portion of 
the morphological variation among the various forms 
of B. oleracea. This could be tested by analyzing seg- 
regating populations from several inter-group crosses 
using a common set of molecular markers. Compari- 
son of the map positions and effects of trait loci in 
various crosses would provide evidence for or against 
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c o m m o n  mechanisms for the genetic control  of mor-  
phological  var ia t ion  in B. oleracea. 
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