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Abstract Inheritance studies of seedling and adult-plant
resistance to blackleg [Leprosphaeria maculans (Desm.)
Ces. et De Not.] in rapeseed (Brassica napus L.) were con-
ducted using 49 families derived by intercrosses between
14 randomly chosen F2 plants from the cross cv “Ma-
luka”(resistant) cv “Niklas™ (susceptible), conforming to
the North Carolina mating design II (NCM-II). Four con-
current experiments were performed, where plants from
each family were: (I) Spray inoculated with a 10” pycnid-
iospores/ml suspension 10 days after germination and as-
sessed 2-weeks later for cotyledon-lesion development,
(I) As for (I), but assessed 12 weeks after inoculation for
crown-canker development, (III} Wound-inoculated on the
stems at growth stage 2.4-2.5 on the Harper and Berken-
kamp scale and assessed for crown-canker development
5 weeks after inoculation, and (IV) Spray inoculated at
growth stage 2.3-2.4 with a 10° pycnidiospores/ml suspen-
sion and assessed for crown-canker development nine
weeks after inoculation. A L. maculans isolate possessing
high levels of host specificity (MB2) was used in all in-
oculations. Seedling resistance was evaluated using a
0-5 cotyledon-lesion severity scale. Adult-plant resis-
tance/susceptibility was evaluated using three separate
measures of crown-canker size, i.e. the percentage of
crown girdled (%G). external lesion length (E) and inter-
nal lesion area (%II). Quantitative genetic analysis of
blackleg resistance using the NCM-II design revealed sig-
nificant non-additive genetic variances for all measures of
disease severity. in all four experiments, indicating the
presence of strong dominance/epistasis at loci controlling
blackleg resistance. The resistance to crown-canker devel-
opment, after wound-inoculation of the stem, was found to
possess the highest ratio of additive to non-additive genetic
variance. Crown-canker development in mature plants of
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the NCM-II population was not related to the degree of cot-
yledon-lesion development at the seedling stage. indicat-
ing the limited value of the cotyledon test in screening for
adult-plant blackleg resistance. The implications of these
findings to breeding for resistance to blackleg in rapeseed
are discussed.

Key words Quantitative genetics - North Carolina
mating design IT - Adult plant - Blackleg resistance -
Brassica napus - Leptosphaeria maculans

Introduction

Numerous workers (Barbetti 1975: Gladders and Musa
1980: Hammond and Lewis 1987) have indicated that the
crown-canker phase of blackleg is largely responsible for
the observed yield loss in the field. However, little is known
of the genetic control of blackleg resistance in rapeseed.
Indirect evidence, from the inoculation of a number of B.
napus cultivars with ascospores and pycnidiospores of L.
maculans (Thurling and Venn 1977; Cargeeg and Thurling
1979). indicated that resistance could be determined by the
combined effects of major and minor genes. However, the
evidence derived from these experiments may be incon-
clusive, as many were conducted using genetically heter-
ogeneous (ascospore) inocula. Many of the cultivars used
may also have been genetically heterogeneous for black-
leg resistance, because B. napus is partially outpollinated
{Downey et al. 1980). The variation arising from the use
of genetically heterogeneous hosts and inocula may have
obscured any real differences (arising from major-gene
effects) between cultivars. To these workers, variation in
cultivar response thus appeared to be continuous, giving
rise to the present widely accepted view that blackleg re-
sistance is polygenically controlled.

Studies by Delwiche (1980) indicated that resistance to
cotyledon-lesion development in B. napus was under the
control of two dominant genes. At present. it is difficult to
determine the siginificance of these findings, because the
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relationship between the degree of cotyledon-lesion devel-
opment and that of subsequent crown-canker development
has not been firmly established. Further, the validity of the
cotyledon test as an accurate measure of field (adult-plant)
blackleg resistance has not been proven. Recent studies of
the genetic basis of blackleg resistance in rapeseed, using
three methods for assessing resistance (Pang and Halloran
1996), revealed the likelihood of quantitative genetic con-
trol. The present study aimed to further examine this like-
lihood and to elucidate the genetic basis and heritability of
resistance.

Materials and methods
Experimental design

The North Carolina mating design IT (NCM-II) proposed by Cock-
erham (1963) was used in the present study. This design allows the
estimation of additive and dominance effects in the absence of epis-
tasis. When epistasis is present. the variance attributable to this
effect 1s included in the estimated dominance component, thus pro-
viding an estimate of total non-additive variance (Kearsey 1963).
Other designs. such as the North Carolina matng design TII
(NCM-III} (Cockerham 1963) and the Cavalli joint scaling test
(Mather and Jinks 1971), may be considered as superior to NCM-II
because they allow the separate estumation of dominance and epis-
tatic effects. However, due to their reltance on homozygous or in-
bred lines, these designs were considered to be inappropriate for the
present experiment. as both parental cultivars were possibly geneti-
cally heterogeneous for blackleg resistance (Salisbury, personal com-
munication).

Production of NCM-II families

The NCM-II design involves a systematic crossing program in which
n,; males and n, females are chosen at random from a population
(usually the F,) and each male is crossed to each of the females in
turn to yield 1, n1; progenies (Mather and Jinks 1971). In the present
study, the reference population from which the males and females
were chosen was the F» from the cross between “Maluka” ~Niklas”.
used n a preceding study (Pang and Halloran 1996). Since B. napus
plants are hermaphroditic. the assignation of “male™ and “female”
plants was done randomly. The present NCM-II design involved the
systematic mating of seven males, in turn, with seven female plants,
which yielded a total of 49 families. Each family was in a half-sib
relationship with the other families. both through a common moth-
er and a common father (Mather and Jinks 1971).

Fourteen seeds were randomly selected from the F, population
for the production of the NCM-II families. The four experiments con-
ducted using these families (to be described later) required that at
least 45-50 progeny (seeds) be produced for each family. To allow
for possible seedling death and poor germination. at least 80 seeds/
family were required. Due to the limitations imposed by the number
of flowers which may be successfully pollinated without contami-
nation by pollen from another male parent, it was necessary to first-
ly vegetatively propagate the female parents. such that 3—4 clones of
each female parent were available for crossing. The procedure for
producing clone plants from each female parent were as described
n a previous study (Pang and Halloran 1995). The clone-line derived
from the female plant designated NCM-I(7F) was used in the ex-
periment described in the above study (Pang and Halloran 1995),
where 1t was designated as “NCII"". The male plants were also clo-
nally propagated to ensure that they flowered at the same time as the
female clones. Clonal propagation of the male plants further ensured
an abundance of pollen for the crossings.

Clone-lines derived from the 14 parents were transferred to the
glasshouse and grown in 17-cm diameter pots containing a soil-peat-
sand mix, with two plants per pot. The glasshouse in which the clone-
lines were grown and crossed was maintained at 25°C (day) and 15°C
(night). with natural daylength. At flowering, each male was crossed
with each female parent. to yield 49 fanules.

Experiments, cultural condjtions, mfection procedure
and disease severity assessments

Four concurrent experiments employing the NCM-II famtlies were
conducted, during April-June 1991. in a glasshouse at the Univer-
sity of Melbourne Field Station, Mt. Derrimut, under natural day-
length. The glasshouse was maintained at 25°C (day) and 15°C
(night) throughout the experimental period. Seeds from each NCM-II
family were prepared and planted for each experiment using the pro-
cedure described in the preceding study (Pang and Halloran 1996).
The L. maculans isolate used in all inoculations was MB2, the same
isolate used in the preceding inheritance study (Pang and Halloran
1996). The four experiments were:

Experiment I -Blackleg resistance ar the cotyledon stage

The aim of this experiment was to investigate the genetic basis of
blackleg resistance at the cotyledon stage in the NCM-II families.
The experiment was laid out as a randomised complete block design
with two replicates. Each NCM-II family was represented by 20 plants,
with ten seedlings per pot.

The seedlings were infected by spray-inoculation 10 days after
germination. The preparation of inoculum was as described previ-
ously (Pang and Halloran 1995). The spore concentration was ad-
justed to 10° pycnudiospores/ml with the aid of a haemocytometer
Two drops of a wetting agent (Tween 80) were added to the spore
suspenston. Seedlings were sprayed to run-off with the aid of a hand-
operated pressurised garden sprayer. To encourage infection. trans-
parent polythene hoods were placed over benches containing inocu-
lated plants for 3 days to maintain high humidity.

Assessment of cotyledon-lesion development was conducted
14 days after inoculation. A 0-5 severity scale. based on the percent-
age of cotyledon area affected, was used. The individual plant scores
were calculated as the average of the scores obtained on each of its
cotyledons. The severity scale used was as follows.

0=no lesion

1=1-3% of cotyledon area affected
2=10-20% of cotyledon area affected
3=40-60% of cotyledon area affected
4=70-80% of cotyledon area affected
5=100%, cotyledon dead

Experiment Il — Blackleg resistance to crown-canker development,
Jollowing inoculation at the cotyledon stage, assessed 12 weeks
after inoculation

The aims of this experiment were: (1) to determine the genetics of
resistance to crown-canker development in the NCM-II families, fol-
lowing the cotyledon infection procedure. and ( 2) to evaluate the cor-
relation between cotyledon-lesion scores, assessed in Expermment I
with crown-canker scores on the same plants 10 weeks later.

This experiment was an extension of Experiment I. After the as-
sessment of cotyledon-lesion severity in Experiment 1. half the plants
in each pot were randomly removed without damaging the cotyle-
dons on the remaining five plants. The remaining plants were indi-
vidually tagged with small (jeweller’s) tags. The final family size for
the experiment was ten. Ten weeks after the initial assessment, meas-
urements of (1) the percentage of crown girdling (%G). (2) external
lesion length (E) and (3) the percentage of internal infection (%II)
were made.



Expertment Il — Blackleg resistance ro crown-canker
development, following wound inoculation.

The aim of this experiment was to determine the quantitative nature
of the genetics of resistance to crown-canker development. follow-
ing wound inoculation. In particular. this experiment was conduct-
ed to venfy some of the conclusions made in the preceding study
(Pang and Halloran 1996). on the genetic control of blackleg resis-
tance as evaluated by the %G. E and the %II. The experiment was
laid out as a randomised complete block design with two replicates.
The family size for the experiment was 16. with four plants per pot.

Plants 1n each family were infected via the wound-inoculation
technique described previously (Pang and Halloran 1995). at growth
stage 2.4-2.5 of the Harper and Berkenkamp scale (1975). Plants
were assessed for crown-canker development (using the three meas-
urements given above) 5 weeks after inoculation.

Experument IV — Blackleg resistance to crown-canker
development, following spray inoculation (leaves)

The aim of this experiment was to determine the genetic control of
possible resistance mechanisms to invasion by the blackleg fungus
at the leaf surface, within the leaf, petiole and stem. The experiment
was laid out as a randomised complete block design with two repli-
cates. The family size for the experiment was eight, with four plants
per pot. The plants were spray-inoculated with a pynidiospore sus-
pension (10° spores/ml) at growth stage 2.3-2.4 of the Harper and
Berkenkamp (1975) scale, using the procedure described for “Ex-
periment I”.

Plants were assessed for crown-canker development. using the
%G. E and %II 9 weeks after inoculation. Assessment of leaf lesions
were not conducted, due to the risk of accidental defoliation. As the
sequence of events leading to successful crown-canker formation in-
volves the growth of mycelium down the petiole into the stem (Ham-
mond et al. 1985) accidental defoliation during the assessment of
leaf lesions would affect the subsequent assessment of crown-can-
ker formation on the same plants.

Genetic analysis

The first stage 1n the genetic analysis, for all experiments, 1nvolved
the partitioning of the total variance into that due to crosses, blocks
and error. Subsequently. the variance due to crosses was further par-
titioned into that contributed by the male parents, the female parents,
and their interaction (males females). To maintain consistency and
for ease of comparison. no transformations were performed on the
data from all experiments. All analyses mvolving ANOVA proce-
dures were conducted using the statistical package MINITAB (ver-
sion 7.2; Minitab, Inc. 1989). The mean squares for the males, fe-
males, interaction and error were used to calculate the components
of variation due to males (o‘,z,,), females (sz )and male female inter-
action (0',3,,/: ), using the expectations of mean squares (Table 1) ac-
cording to Kearsey (1965).
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Estimates of genetic variances were then derived from these com-
ponents, based on the formulae by Kearsey (1965):

0l =0} =cov.(HS)= %DR
o2 = (cov F.S.)—Zcov.(H.S.):%HR

62 = Vp—cov.(E.S.) = %DR + I%HR nE,
where,
COV. =covarlance
H.S. =half sibs

F.S. =full s1bs

Dy =additive component
Hy =dominance component
Vp =phenotypic variance

nE, =environmental component.

The broad- and narrow-sense heritabilities for blackleg resistance
were calculated from the estimates of Dy and Hy. according to the
formulae of Kearsey (1965):

1
2 _Va o D
hn\ = ‘T = 1 —’1
P EDR+IHR+”E2
1 1
2 Vo glrryhe
hbs = T = 14‘-_‘7“_
P E‘DR+IHR+”E2
where.

2 =narrow-sense heritability
I} =broad-sense heritability
V;=genotypic variance

V', =additive variance.

Results

Analysis of variance and estimation
of the components of variation

Experiment [ — Blackleg resistance at the
cotyledon stage

Highly significant mean squares were obtained for the fe-
males (F). males (M) and FxM items in the analysis of
variance of cotyledon-lesion severity data for the 49 NCM-
II families (Table 2). With the exception of the M x B inter-

Table 1 Expectation of mean

squares for the North Carolina Source df Expectation of mean squares
mating design II
Females (F) (n,—1) O+ min; O'f,,f-i-mnsnz o_fz
Males (M) (ny-1) o+ mi; O'fnfl- M3 O,
Blocks (B) (ny—1)
FxM (n—1) (n—1) 0“2,+mn30'%,,f
FxB (n~1) (nz=1D
MxB (ny—1) (n3—1)
FxMxB (n;—1) (n,=1D) (n3—1D
Error nasns (m—1) o
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Table 2 Analysis of variance for data derived from plants of
49 NCM-II families moculated with pycnidiospores of L. maculans
(by spray inoculation) at 10 days after germination (cotyledon stage).
Plants were assessed for cotyledon-lesion development 14 days
after inoculation

Source af MS Expectation of mean
squares

Females (F) 6 3.7705 %% 0,.+200°5,+ 14007

Males (M) 6 5.2342 s g, +2005,,+1400;

Blocks (B) 1 3.0309%

FxM 36 1.8636%%* 0, +200,,

FxB 6 1.7360 %*

MxB 6 0.8684ns

FxMxB 36 324157

Error 882 0.6160 ol

1

**% Significant at P<0.001

- Significant at 0.01>£>0.001
*  Significant at 0.05>P>0.01
ns not significant at P=0.035

action item, all block interactions were significant. This
precluded the inclusion of the block-interaction items with
the Error for the estimation of the pooled within-family
variance. Estimates of the components of variation (see
Table 6) showed that the female item (G}) was not signif-
icantly greater than the male item (o2), indicating the ab-
sence of maternal effects.

Experiment Il — Blackleg resistance to crown-canker
development, following inoculation at the cotyledon
stage, assessed at 12 weeks post-inoculation

With the exception of the females (F) item for %G. the
items M, F and M F were significant for %G, E and %IIL
(Table 3). The non-significant females (F) item for %G was
bordering on significance (0.10>P>0.05), and hence for
the purposes of estimation it has been treated as a real
effect. None of the variation due to blocks alone was sig-
nificant for %G, E and %II. However, since the majority

of interaction items involving blocks were significant, they
were not included in the Error.

Estimates of the components of variation (see Table 6)
revealed a large disparity between the values obtained for
the female (o) and male ( c2) items, for %G. Differences
of lesser magnitude were also observed between these two
items for E and %II. In all instances, o 2 had larger values
than G%This result was not interpreted as evidence of ma-
ternal influences on the expression of these three traits, for
the reason that maternal factors affect the progeny by in-
ducing its phenotype to more closely resemble that of the
maternal. rather than the paternal, parent (Mather and Jinks
1971). Thus, estimates of the female component (G}), in
the presence of maternal effects, would be higher than that
of the male component (6,2”). However, in the present ex-
periment, the reverse relationship was found between the
values for these two components (see Table 6). Therefore,
the disparities between the values of these two components
were probably not the result of maternal influences, but
possibly the consequence of a sampling error of the F, pop-
ulation.

Experiment IIl — Blackleg resistance to crown-canker
development, following wound-inoculation of the stem

With the exception of the females (F) and FxM items
for%II, the items M, F, and M xF were significant, for all
measures of resistance (Table 4). Of the block interactions,
only the FxB and FxM xB items were significant. How-
ever, to maintain consistency between experiments. the
non-significant block items were not included in the Error.

Estimates of the components of variation (Table 6)
showed that the female component (sz ) was not signifi-
cantly greater than the male item (c2), for %G and E, in-
dicating the absence of maternal effects. A large disparity
was observed. however, between the values obtained for
the male and female components for %II (see Table 6).
However, for the same reasons as proposed above (for Ex-
periment II), this was not interpreted as evidence for the
presence of maternal effects.

Table 3 Analysis of variance

for data derived from NCII Source daf

Mean square for measurement

Expectation of mean

lines inoculated with pycnidios- squares
pores of L. maculans ?gy spray % G B % 11
inoculation) at 10 days after B o 7 , -
germunation (cotyledon stage). Females (F) 6 1287.0 ns 1005 2* 3457.0% o, + 10 i 70 oF
Plants were assessed for crown- ~ Males (M) 6 3647.0%%* 1299.1% 6253.0* 0, +1005,+700;,
canker development 12 weeks Blocks (B) 1 3034.3 ns 0.8 ns 1373.0 ns , ,
after inoculation FxM 36 2040.2 *#** 770.5* 2404.0% o7 +100;,,

FxB 6 2616.7% 1527.8%* 1699.0 =

MxB 6 2448.5* 756 6 ns 3018.0 s

FxMxB 36 1707.6%* [032.7 #=* 1793 0 ns

Error 392 978.3 168.8 1567.0 a?

Total 489

*4% Significant at £<0.001

##  Significant at 0.01>P>0.001

*  Significant at 0.05>P>0.01
ns not significant at P=0.05
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Source dr

Mean square for measurement

Expectation of mean
squares

pores of L. maculans (by % G E % I
;1;’}_3;‘ i,ﬁ‘fg ,‘;1?3{’;;1;‘“;%,?;21 Females (F) 6 2544.8%%% 4145 8w 720.8 ns a“j+ 160;,+11207
seszed for crown-canker devel- Males (M) 6 2690.9 %> * 4250.0%%= 3693.4%%* o, + 16 G;nr"+ 112 0,
opment 5 weeks after inocula- Blocks (B) 1 3885.8 %% 181.3 ns 811.0 ns R ,
tion FxM 36 723.6% 978.1% 684.4 ns 0.+ 1607,

FxB 6 292.7 ns 1647.6% 527 9 ns

MxB 6 454.0 ns 484.3 us 952.3 ns

FxMxB 36 696.2 ns 995.5%* 712.8 ns

Error 686 501.6 666.2 584.3 o,

Total 783

*%t+ Significant at P<0.001

**  Significant at 0.01>P>0.001

*  Significant at 0.05>P>0.01

ns  not significant at P=0.05
Ff[(‘f:.b (iztz dg\rlilj}éﬁsgo%ﬁ z\?gﬁnce Source df Mean square for measurement Expectation of mean
lines inoculated with pycnidios- %G e . squares
pores of L. maculans (by spray © 70
wmoculation) at growth stage ; N .
2.3-2.4. Plants were assessed Females (F) 6 1907 8* 1401.8* 2784.0 ns O+ 80,3607
for crown-canker developn’]ent Males (l\’[) 6 1838.0* 1619.6%* 1819.0%* O'“_+8 G%’IJ‘+56 G;n
9 weeks after inoculation Blocks (B) 1 613.0 ns 3332.8% 994.0 ns

FxM 36 1033.1 ns 1186.8#**  2363.0% o, +807,

FxB 6 1053.8 ns 935.6 ns 1704.0 ns

MxB 6 1318.8 ns 672.3 ns 2995.0 ns

FxMxB 36 799.4 ns 720.0 ns 1491.0 ns

Error 294 7237 528.4 1472.0 o

Total 391

*+% Significant at £<0.001

**  Sigmificant at 0.01>P>0.001

*  Significant at 0.05>P>0.01
ns ot significant at P=0.05

Experiment IV — Blackleg resistance to crown-canker
development, following sprav inoculation (leaves)

With the exception of the FxXM item within %G, and the
females (F) item within %II. the items F, M, and FxM were
significant for all measures of resistance (Table 5). None
of the block interactions was significant. For reasons dis-
cussed above, no integration of the non-significant block
items with the Error was performed.

Disparities between the values of the male and female
components of variation (Table 6), similar to those ob-
served in Experiments IT and III. were found for E and %II.
As with the previous two experiments, these disparities
were possibly not indications of maternal influences on the
expression of these characters.

Estimation of genetic variances and heritabilities

The estimates of genetic variances for Experiment [
(Table 7) indicated that resistance to cotyledon-lesion

development in the 49 NCM-II families was significantly
atfected by non-additive genetic effects. The dominance
variation (Vp), estimated as ,}HR (assuming no epistasis),
was over twice as large as the additive genetic variance
(V). The moderate broad-sense heritability (48.3%) re-
flected the considerable effect of the environment on the
expression of this trait. Due to the large contribution of
dominance to the genetic variance, the narrow-sense herit-
ability for this trait was low (Table 7).

The estimates of additive- and non-additive genetic var-
iances, for %G. E and %I in Experiment II, indicated the
existence of considerable dominance for blackleg resis-
tance in the NCM-II families (Table 7). The ratios of V,
to Vy, for %G, E and %11, were 9.3, 5.5 and 2.4 respec-
tively. The high proportion of non-additive to additive ge-
netic variance indicated the possibility of discrete inheri-
tance of resistance to crown-canker development, follow-
ing inoculation at the cotyledon stage. However. the mod-
erate to low estimates of broad-sense heritabilities, for all
three measures of resistance (Table 7). did not support this
possibility. The low broad-sense heritabilities for the three
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Table 6 Estimated compo-

nents of variation for blackleg Infection Estimated Disease severity measure Cotyledon
resistance in Jines derived from ~ Procedure components lesion*
a North Carolina II mating %G E % II
scheme, using three different - 5
infection procedures Spray inoc. G 0.0279
ffoty'lecg)rlxz)d ' o2 0.0241
a]fré;'s j}foculati?pf o-’z"f 0.062+
oy 0.6160
Spray inoc. sz 0.010 3.353 15.043
(cotyledons) c? 22.954 7.551 54.988
Assessed 12 weeks 2 106.190 30.170 83.700
afrer inoculation _,f
o, 978.300 468.800 1567.000
Wound inoc. o7 16.261 30.962 0.280
f&s- 2-3;2-5> ’ o} 17.565 29.213 26.821
essed 5 week 2
after inoculaﬁons 7”f 13406 19494 6.019
o} 509.100 666.200 593.100
Spray 1noc. o7 15.620 3.839 7.518
(G.S.2.3-2.4) o 14.373 7.730 43.857
Assessed 9 weeks 2 38.675 $2.300 111.375
after inoculation
o? 723.700 528400 1472.000

w

? Cotyledon-lesion. disease severity based on a 0-5 severity scale

measures indicated the possible sensitivity of these traits
to environmental factors. Narrow-sense heritability esti-
mates were very low for the three measures (Table 7),
which reflected the small contribution of the additive com-
ponent to the genotypic variance.

The wound-inoculation experiment (Experiment III)
was found to give the smallest ratios of non-additive to ad-
ditive genetic variance (Table 7). The ratios of Vj to Vj,
for %G. E and %II were 0.79, 0.65 and 0.44 respectively.
The low broad-sense heritabilities for %G. E and %II (Ta-
ble 7) indicated the possible sensitivity of these traits to
environmental factors. These broad-sense values were not
consistent with the values estimated in the preceding study
(Pang and Halloran 1996). using the same inoculation tech-
nique, possible reasons for which will be discussed later.

The estimates of additive- and non-additive genetic
variances, for %G, E and %II in Experiment IV, indicated,
in agreement with Experiments I, II and III, the existence
of significant dominance for blackleg resistance in the
NCM-II families. The ratios of V, to V,, for the three com-
ponents were 2.6, 14.2 and 4.3 respectively. The high
ratio of V,/V, for E, together with a moderately high broad-
sense heritability (56.6 %) for this trait, indicated the like-
lihood of oligogenic control.

Correlations between seedling (Experiment I)
and adult-plant scores (Experiment II)

Regression of crown-canker severity scores. as measured
by %G, E and %lII, against the corresponding cotyledon-

lesion scores (Fig. la.b,c), revealed no correlation
(R*=0.00) between cotyledon scores, assessed at 2-weeks
post inoculation, and subsequent crown-canker develop-
ment on the same plants. This indicated that the severity
of cotyledon infection by blackleg had no bearing on sub-
sequent crown-canker infection. The implications of this
finding, for screening for blackleg resistance, will be dis-
cussed later.

Discussion

The broad- and narrow-sense heritability estimates for
blackleg resistance in the NCM-II population were lower
than those derived from the analysis of the F, and first-
backcross populations in a preceding study (Pang and
Halloran 1996). This indicated that the random sample of
14 parents used to generate the NCM-II families may not
have represented all possible resistant/susceptible geno-
types in the F, population. Kearsey (1965) demonstrated
that heritability estimates for flowering time in poppy (Pa-
paver dubium) were significantly reduced through the use
of a small sample of parents, which were possibly unrep-
resentative of the population as a whole. An unrepresenta-
tive sample of parents from a segregating population, such
as the F,, may possibly affect the heritability estimates of
oligogenically-controlled, more than polygenically con-
trolled, traits. This is because the inclusion or exclusion of
any individual polygene from the new population would
be unlikely to seriously affect heritability estimates, since
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Table 7 Genetic variances and

herntabilities for blackleg resis- Egice[é?frle Sg;itli;ers Disease severity measures Egitg}leadon
tance 1n 49 NCM-II families, o
using three different infection % G E el
procedures Spray inoc. Vp 0.73
(cotyledons) Ve 0.35
Assessed 14 davs Vi 0.10
after inoculation Vp 0.25
Ve 0.49
12, (%) 14.2
ha,s (%) 48.3
Spray inoc. Ve 1107.44 509.87 1720.73
(cotyledons) G 470.67 142.49 474.86
Assessed 12 weeks Vy 45.91 21.81 140.06
after inoculation b 424.76 120.68 334.80
Ve 636.78 367.39 1245.87
g (%) 4.3 13 8.1
I (%) 425 279 26.6
Wound inoc. Vp 556.33 745.87 626.22
(G.S.2.4-2.3) Ve 121.28 198.33 78.28
Assessed 5 weeks vV, 67.65 120.35 54.21
after inoculation Vp 53.33 77.98 24.08
e 435.06 547.54 547.94
R (%) 12.2 16.1 8.7
s (%) 21.8 26.6 12.5
Spray inoc. Ve 792.37 622.27 1634.75
Cine, %o mmomn m
Assessed 9 weeks N 39. 23.1 5
after inoculation Vb 154.70 329 20 445.50
e 577.68 269.93 1086.50
B2 (%) 7.6 3.7 6.3
T (%) 27.1 56.6 33.5

* Cotyledon-lesion: disease severity based on a 0-5 severity scale

I, =narrow-sense heritability

I, =broad-sense heritability

polygenes. by definition (Mather and Jinks 1971). have
small individual effects on the overall expression of a trait.
The inclusion or exclusion of an oligogene, however, may
be expected to have a significant effect on heritability es-
timates.

The overall resistance of B. napus to L. maculans has
been shown to involve mechanisms preventing initial as-
cospore germination and leaf penetration (Carter 1982) and
spread in the lamina and petiole (Hammond and Lewis
1987; Mithen et al. 1987). Wound-inoculation, by direct
introduction of pycnidiospores into the crown region of the
plant, bypasses possible resistance mechanisms to inva-
sion by the blackleg fungus in the lamina and petiole.
Therefore, differences in heritability estimates between
Experiments III (wound-inoculation) and IV (spray-inoc-
ulation, leaves) were likely to reflect the genetic control of
additional barriers to fungal invasion present in the lam-
ina and petiole. It is possible that resistance mechanisms
in the lamina and petiole could be bypassed if pycnidios-
pores which fell on the stems (after spray inoculation) were
able to infect these stems directly. However, studies con-

ducted by Hammond et al. (1985) indicated that, while pyc-
nidiospores were able to germinate on intact stems, the my-
celia formed were subsequently unable to penetrate these
stems. Broad-sense heritabilites and V/V, ratios, obtained
for %G, E and %11 were consistently higher in Experi-
ment [V (spray-inoculation) compared with Experiment III
(wound-inoculation). These results indicated the likely
presence of resistance mechanisms in the leaf and petiole,
whose expression were possibly under oligogenic control.

The high V/V, ratios observed in all experiments in-
dicated the existence of significant dominance/epistasis for
blackleg resistance in the NCM-II families. This finding
was in agreement with similar levels of dominance ob-
served in the F, and first-backcross populations in the pre-
ceding study (Pang and Halloran 1996). These results sup-
port an earlier contention by Cargeeg and Thurling (1979)
that resistance to blackleg in B. napus is governed through
the combined action of major and minor genes. This mode
of genetic control may pose serious problems for plant
breeders wishing to “pyramid” blackleg resistance genes
to produce cultivars with enhanced resistance, since ma-
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Fig. 1 Regression of blackleg Regression equation: y=-1.891x + 67.74; R-squared=0.003
crown-canker development
(based on %G, E and %II) mea- 100 & B a g g 8 g o - @
sured 12 weeks after inocula- 90 o]
tion against corresponding cot- o] o
yledon scores (assessed 2 80 g a o
weeks after inoculation) in 70 a E B =
49 NCM-II families 5 - = [ o} In}
o % a B B B o
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jor-gene effects are obscured (modified) by the polygenes  (or a number of tightly-linked genes ?) in doubled-haploid
present. Recently, Dion et al. (1994) used RFLP mapping lines of B. napus. This gene(s) was associated with link-
to identify a quantitative trait locus (QTL) for blackleg re- age group 5, and appeared to be effective against several
sistance, corresponding to a single dominant major gene  pathotypes of L. maculans. As more QTLs for blackleg re-



sistance are identified, “pyramiding™ of resistance genes
may become more feasible in the future.

Delwiche (1980) showed that the resistance to cotyle-
don-lesion development in B. napus. following wound-
inoculation. was controlled by two dominant genes. In the
present study. the poor correlations found between cotyle-
don-lesion severity scores and subsequent crown-canker
development indicated that resistance to cotyledon-lesion
development was a poor indicator of adult-plant blackleg
resistance. This may explain the failure of many workers
(Cargeeg and Thurling 1979; Helms and Cruickshank
1979; Wittern and Kruger 1985) to relate seedling scores,
based on cotyledon-lesion assessments. with blackleg re-
sistance in the field.
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