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Abstract

Australian canola breeders have made excellent progress in developing blackleg resistant and high
quality canola varieties in approximately 5 breeding cycles from 1970 — 2000, averaging 6 years/cycle in
a closed population. Of the original 18 parents in 1970, which included Brassica napus from Europe and
Asia and two B. juncea varieties, 11 ancestor varieties now contribute 98.7% of the pedigree composition
of the core population. The inbreeding coefficient at the end of the fifth cycle was 0.21, which represents
21% cumulative loss of alleles through random genetic drift. The effective population size of the core
population was relatively low (~11), but “immigrant” varieties have increased this in recent years.

Two examples will be used to demonstrate the importance of new genetic diversity for future genetic
progress: adaptation to low rainfall environments, and improved polygenic blackleg resistance. Evidence
exists for a slow decay in polygenic blackleg resistance which will need to be countered by breeding with
new genetic diversity for improved resistance. Selection of early flowering plants is complicated by the
partially out-crossing nature of B. napus, and the use of open-pollinated (OP) pedigree breeding systems
in Australia over the past 30 years. Outcrossing in an OP breeding system can delay or prevent the
selection of early-flowering lines that are free of later-flowering contaminants. However, protection of
plants against outcrossing in a pedigree breeding system is very costly.

New technologies such as doubled haploidy (DH) may improve outcomes when breeding with new
sources of genetic diversity. Heritability among DH lines is high, and the net cost of pollination control is
less than a pedigree breeding system. Major challenges exist for the Australian canola industry: to access
global genetic resources and increase effective population size while improving local adaptation; and to
adequately reward investment in canola breeding for the wheatbelt region.
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Introduction

Canola, or double-low oilseed rape (Brassica napus L.), is an important oilseed crop in southern Australia
where it is grown mostly in the higher rainfall regions with relatively secure rainfall (>450 mm average
annual rainfall). Breeding for low rainfall environments has been less successful, and canola is almost
absent from areas averaging less than 325 mm average annual rainfall (Oilseeds WA, 2005).

Early B. napus ‘rapeseed’ varieties introduced from Europe or Canada prior to 1970 were adapted to long
season, high rainfall regions in Australia, but had extreme blackleg susceptibility — a combination that was
fatal for the oilseed rape industry, which almost disappeared until the 1990s. Australian canola breeders
have successfully improved yield, adaptation, blackleg resistance and seed quality (low erucic acid and
low glucosinolates, known as “double low” or canola quality) since 1970 (Salisbury and Wratten 1999),
such that the production of canola exceeded 1.6 million tonnes by 1998/99 (Colton and Potter 1999).
Australian canola breeding has undergone several cycles of recurrent selection in a closed population
since 1970, with new “immigrant” varieties appearing in pedigrees of the most recent cultivars.

B. napus is predominantly self-pollinating but has an open flower that promotes cross-pollination, with up
to 30% outcrossing among plants in close proximity in some situations (Rakow and Woods 1987). The
breeding system used in Australia since 1970 has been an open-pollinated (OP) pedigree selection
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method. Many breeders in Europe and Canada use pollination bags to protect plants from outcrossing
during pedigree selection. Bagging is a very expensive exercise but has certain benefits, especially for
the selection of early maturing lines that are free of contamination from later maturing types. The cost of
bagging in a pedigree breeding system is extremely high, and alternative breeding methods such as
doubled haploidy (DH) or single seed descent may be preferred for selection of early maturity. This will be
discussed in this paper in the context of selecting canola for adaptation to low rainfall environments.

Canola breeders in Australia have been very successful in developing blackleg resistant varieties adapted
to medium-high rainfall regions. This paper evaluates genetic progress in this closed population over 30
years, including the efficiency of the breeding method, coefficients of inbreeding and ancestry, the
potential decay in polygenic blackleg resistance over time, and the potential for broadening the adaptation
of canola in current or future germplasm. The paper addresses the question of why canola is not grown
widely in low rainfall cropping zones, and why most growers and agronomists consider canola to be a
drought sensitive crop, compared with other species such as B. juncea. There are very good prospects
for low rainfall canola breeding, but sufficient genetic diversity must be present in the breeding material
and adequate incentive to breed this low-yielding but important Australian agricultural environment.

Methods

Pedigrees of Australian canola cultivars released between 1970 and 2004 were obtained from Salisbury
and Wratten (1999) and the PBR Office in IP Australia (http://www.ipaustralia.gov.au/pbr/). These were
then plotted to demonstrate pedigree connections, based on year of release of each cultivar, to the
ancestor varieties used in 1970 (Fig. 1). Pedigree trees were used to calculate the percent contribution of
each ancestor variety in each released cultivar, and the frequency of occurrence in pedigrees of cultivars
released from 1995 to 2002 (Table 1). The number of crossing cycles from 1970 to the year of release of
each variety was calculated from the average of the male and female side of each pedigree (Table 1).
Inbreeding coefficient (F) and coefficient of ancestry or parentage (f) were calculated for representative
cultivars from 1995 to 2002 following the methods outlined in Falconer and Mackay (1996), with the
following modifications: the parents in each cross were assumed to be homozygous, and therefore no
adjustment was made for F of common ancestors, but the contribution to F or f for each relationship path
was increased by a factor of ?. This accounted for the inbred and homozygous condition of the common
ancestor, which in animals or outcrossing plants would be heterozygous.

The overall degree of “inbreeding” in the population over t cycles of recurrent selection was based on the
formula for inbreeding coefficient over generations in a closed population (Falconer and Mackay, 1996):

F=1-(1-AFY

where AF is the rate of inbreeding, which in a random mating population is related to effective population
size (Ne) as follows (Falconer and Mackay, 1996):

1
A=
N

F, is equivalent to the cumulative effect of random drift (Falconer and Mackay 1996).

Blackleg resistance of Australian canola cultivars is assessed by private and public breeders in a national
testing scheme that is co-ordinated by the National Brassica Improvement Program (NBIP). Collaborators
assess percentage stand decline due to blackleg disease on current and older cultivars with standard
control varieties nominated by the NBIP, in replicated trials at 5-10 locations across southern Australia
each year. Predicted values of percentage stand decline for genotypes across years and sites are
converted into a scale from 0 (very susceptible) to 9 (very resistant), and these NBIP cultivar blackleg
scores are published by the Canola Association of Australia (http://www.canolaaustralia.com).
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Published and unpublished cultivar blackleg scores from the NBIP were used to assess “mature” blackleg
scores of each canola variety, where “mature” indicates the NBIP score for a cultivar after a minimum of 5
years in the NBIP system. The average change in blackleg score per year was assessed by subtracting
the mature blackleg score from the score in the year after release (excluding the preliminary score in the
year of release), and dividing by the number of years. The average change in blackleg score per year
was recorded for a variety only if there was a minimum of four years’ data after the preliminary

assessment in the year of release.
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Figure 1. Pedigrees of selected Australian canola varieties 1970 to 2004 (from Wratten and
Salisbury, 1999). Varieties are not listed if their pedigrees are uncertain (e.g., Rivette, Ripper,
Purler, Lantern, AV-Sapphire, AG-Emblem, AG-Comet), hybrid or Clearfield (imidazolinone-
tolerant).




Table 1. Pedigree analysis and blackleg resistance of canola varieties released 1995-2002, from
the closed population derived from 18 ancestor varieties (used in original crossing cycle c. 1970),
for which parent information is published (Salisbury and Wratten 1999, and IP Australia PBR
Office). Varieties that are sister lines are combined (e.g. Drum-Clancy) and selections with the
same pedigree are included only in the first instance (e.g. Pinnacle is included, ATR-Beacon is
excluded). Backcrosses to the same parent are counted as one crossing cycle.

fl oy Cirurre ATR-
Ancestarariety in 1970 and karoo Scoop Grouse  Clancy Range Finnacle Chartton Mystic  Bugle  Grace
abhreviation used in Fig. 1 (1995 (1996 (1998 (1996)  (19596) (1998 (1997 {1998 2000 (20010
1. Mutu (M) 25.0% 12.5% B.3% 25.0% 3.1%
2. Chisaya (Ch) 12.5% B 3% 188% 125% 12.5% 12.58% 18.8% 156%
3. Haya (H) 21.9% B 3% 188% 1258% 280% 34.4% 18.8% 266%
4 Fephyr () 17.2% 108%  211%  1258% 156% 234% 41 7% BE%  18.8% 223%
4. Branowski (B) 17.2% 9 4% 203% 1258%  128% 234% 31% T8% 188% 2148%
6. Chickuzen (CkK) . 3% 31% 18.8% 94% 1.6%
7. Cresuso-Precose (Cm 12.5% 31% 7.0% 12.5% 18.8% 94% 08% 1.6%
8. BJ1EE (B. juncea) (B]) 12.5% 3% T.0% 12.5% 18.8% 94% 08% 1.6%
9. Erglu (E) B 3% 3% 12.5% B 3% 1% 1.6%
10, BwEB2.371 (5) 1.6% 0.8% 31% 1.6% 0.8% 0.4%
11, Morin20 (M) 9 4% 1.6% 9.4% B 3% 156% TE8% 31% 0.8%
12 BIMT (B juncea) (B 0.8% 0.8%
13. Cresor (C) 0.8% 0.8%
14, Tower (TWATRE-T awer (TT} . 3% A 3% 25.0% G.3% 128% AB3% 1883% 31%
14, Chinah
16. Major
17. Oro
18, Famses
¢ line crossing oycles L 3] 3 B 2 a 2 3 L 3]
& line crossing cycles 3 f [ 3 4 3 a f 3 7
Ay, 0. crossing cvcles 4.0 .0 4.5 4.4 3.0 4.0 34 45 4.0 .5
F {inbreeding coefficient) 0.3m n.o1a 0.344
mMature blackleq resistance score 248 4.a(Ma) A.5 A.0(0n - a4 a8 a.0 f.5 f.0

G.5(5c) G000
Change inblackleg score peryear  -0.14  -0.07(Mao) 010 -0.25(DA - -0.07 -0 -0.29 - -0.10

-0.10¢5c) 0.00{Ch

"W ature hlackleq scores are the most recent blackleg resistance scores in published or unpublished data from Canola Association of Al
Mational Brassica Improvement Program. Rating scale 09 where 0 =very susceptible and 9= very resistant. Mature hlackleg rating is
release.

:Change in blackleg score peryear in blackleq resistance units, from 2000 to most recent rating, not including the scaore inyear of relea

Results
Effective population size and inbreeding

Of the 18 parents used to begin Australian canola breeding in 1970 or thereabouts, Major, Oro and
Ramses were used in the release of just three varieties, Wesreo (1978), Wesway (1979) and Wesbell
(1980), and these varieties did not appear in pedigrees of subsequent varieties (Fig. 1). Another parent,
ChinaA, was used only in the development of Narendra (1991), and this variety did not appear in
pedigrees of subsequent varieties. Two varieties, Tower and ATR-Tower (triazine herbicide tolerant),
were considered identical from a pedigree relationship point of view. Most varieties in the late 1990s were
based on 14 ancestral varieties.

The contribution of the ancestor parents in Australian canola varieties released between 1995 and 2002
are listed in Table 1. Two of these parents (BJMT and Cresor) appeared in only three of the varieties, and



at less than 1% in each variety. Another variety, Sv62.371, contributed less than 1% on average across
the 14 varieties. Approximately 98.7% of Australian canola germplasm in the late 1990s was derived from
11 ancestor parents, and four of these, Chisaya, Haya, Zephyr and Bronowski, contributed more than
50% of the ancestry on average across all varieties. The effective population size (N¢), based on the
number of ancestors that survived in pedigrees of varieties in Table 1 at 21% of the ancestry, was
estimated to be no greater than 11 from 1970 - 2000. While this value can, in theory, rise in this closed
population following the initial “bottleneck” of introductions in 1970, this can only be achieved if large
numbers of cross progeny contribute to crossing in future generations and there is no evidence from
released varieties that this has occurred.

The average number of recurrent selection cycles since 1970 in varieties released from 1995 — 1998 was
4.3, and in varieties released from 2000 — 2002 was 5.1 (Table 1). From this it was concluded that the
closed population has undergone approximately 5 cycles during 30 years, at an average cycle time of 6
years from cross to cross.

Based on N, = 11, the F; of the population was predicted to be 0.21 after 5 cycles of recurrent selection,
which represents 21% cumulative loss of alleles through random genetic drift (Falconer and Mackay
1996). Individual varieties had inbreeding coefficients between 0.018 (Mystic) and 0.344 (ATR-Grace)
(Table 1). The coefficient of ancestry of Monty (1996) ? Mystic (1998) was estimated to be 0.127, for
Monty (1996) ? ATR-Grace (2001) was 0.299, and for ATR-Grace (2001) ? AG-Castle (2002) was 0.371.
These values are increasing over time, and this indicates that inbreeding is increasing over time, as
parents in each cycle are becoming more closely related. For comparison, full-sib animal mating results in
a coefficient of ancestry of 0.25, and the mean coefficient of parentage of pairs of cultivars in two-row
barley cultivars in North America averaged 0.19, and two- and six-row cultivars were on average
unrelated (Martin et al. 1991).

What is the relevance of coefficients of inbreeding (F) and ancestry (f) in a self-pollinating breeding
system? The coefficient of ancestry can be used to select parents for crossing — if fine tuning of a trait is
needed, closely related parents may be chosen. If new combinations of alleles are sought, then distantly
related parents should be selected for crossing. “Inbreeding” takes on a new meaning in self-pollinating
species — inbreeding depression is not likely to occur, as most lethal or detrimental mutations have been
removed. The relatively small N, of the Australian canola breeding pool means that genetic drift is
continually removing potentially valuable alleles. The value F; = 0.21 may be interpreted as a 21%
random loss of alleles after five cycles of recurrent selection. While genetic progress is possible in the
short term, new genetic material must be brought in to ensure future genetic progress.

New “immigrants” began to appear in pedigrees of released varieties in Australia in the late 1990s from
the breeding programs of Pacific Seeds Pty Ltd, AgSeed Research Pty Ltd, and Pioneer Hi-Bred Australia
Pty Ltd (Fig. 1). This indicates that new genetic diversity is entering the Australian canola breeding gene
pool.

Improvement in blackleg resistance

Significant genetic progress for blackleg resistance is apparent in the closed population as demonstrated
by the moderate to high resistance of varieties released in the late 1990s and early 2000s (Table 1). The
blackleg resistance scores in Table 1 are the most recent values available for each variety, or the mature
resistance score, and in many cases are 0.5 or 1.0 units lower than the values recorded in the year after
release of the variety (see Methods and following paragraphs). Mature resistance scores are conservative
and represent the field resistance of a variety after a minimum of 5 years from the date of commercial
release.

While the resistance ratings on ancestor varieties are not documented, it may be assumed that most of
the European and Canadian ancestor lines were very susceptible (0-2 ratings) and some of the Japanese
lines had intermediate ratings (possibly 3-5). The B. juncea ancestor lines may have had high resistance
ratings, but none of the major resistance genes from B. juncea were transferred to B. napus varieties
despite attempts to do so by interspecific crossing and development of major gene resistance B. napus



line ONAP’®. The advanced generations of ONAP™ lines continued to segregate for major gene
resistance and were not stable (Roy 1984).

If the assumption is made that the average blackleg resistance score of ancestor varieties in 1970 was
2.0, and the average mature score in the advanced population in 2000 was 6.0 (Table 1), then the net
resistance in the closed population rose by approximately 0.8 resistance units each cycle, or +0.13
resistance units per year. This is the net rate of improvement since 1970, taking into account any
negative component due to the apparent fall in resistance of Australian cultivars in the years following
release.

The average change in blackleg resistance scores per year following release for cultivars in Table 1
ranged from 0.00 (Clancy) to -0.29 (Mystic). Data for 33 Australian canola varieties, which met the
minimum requirements for inclusion, indicate that the blackleg resistance scores of canola changed by an
average of -0.13 units per year after release, with a range from +0.10 to -0.29 (Table 2). This average is
highly significantly different from zero (Table 2), and it is concluded that Australian canola varieties slowly
lose polygenic resistance in the years following release.

Nevertheless, it is clear that canola breeders have more than kept ahead of this erosion of polygenic
resistance through genetic improvements in resistance in the closed breeding population. The net
resistance improvement (the sum of genetic improvement and genetic erosion of resistance) over 30
years is +0.13 units per year. However, new genetic variation will need to be added to the closed
population to maintain the current rate of genetic improvement in polygenic blackleg resistance into the
future.

There is strong circumstantial evidence that transgressive segregation has occurred for blackleg
resistance over and above the levels of resistance found in the ancestor varieties. This improvement of
polygenic blackleg resistance over 30 years by Australian canola breeders is a major success story, and
demonstrates the power of recurrent selection in relatively small populations. However, this must be
tempered by the knowledge that new systems of breeding may be needed to maintain the net
improvement rate in blackleg resistance by expanding the genetic base.

Adaptation to low rainfall environments

Very little canola is grown in low rainfall regions (<325 mm) of Western Australia (Oilseeds WA 2005).
Adaptation to this environment will require the development of new genotypes not yet seen in the core
population of Australian canola breeding, with alleles that improve seed yield in short seasons with
frequent periods of severe drought stress at the end of the season. Improved yield and adaptation will be
the result of a complex combination of minor alleles and the best source of these alleles will be difficult to
anticipate. It is possible that alleles for higher yield in low rainfall environments have been lost by genetic
drift in the core population, as a result of breeding in relatively “safe” environments of south-eastern
Australia over 30 years. If growing conditions are favourable and soil fertility not limiting, as occurs most
often in primary sites of breeding programs, shorter and early maturing types will be discriminated against
as a natural consequence of shading and poorer performance compared with later maturing larger plants.

The selection of early lines in Australian OP breeding systems is complicated by several factors. Early
maturing plants will tend to be out-competed and, without protection from outcrossing (Rakow and Woods
1987), they will inevitably have high levels of cross-pollination from surrounding mid- and late-maturing
types. The seed derived from OP single plants will be segregating for flowering time, and heterozygous,
and plots in following years derived from these plants will have mixed maturity. Further reselection will be
required, resulting in a long delay or failure in breeding of early varieties. However, the cost of bagging
plants through the several generations of an OP pedigree breeding system is very expensive.

New technologies may help to solve this dilemma. Doubled haploidy (DH) allows a random selection of
genotypes from a cross to be preserved as primary homozygous plants, ready for selection. If the primary
DH plant, and perhaps the next generation, is protected from outcrossing, there should be sufficient seed
to select the small proportion of lines that are worthy of further consideration, and to put aside pure



homozygous seed for future pure seed increase if it is warranted. This means that pollination protection
should cost less than a pedigree breeding system, where selection of single plants may occur over
several generations.

Table 2. Change in blackleg resistance scores and mature blackleg score (bold) for 33 Australian
Brassica napus cultivars.

Year of Blackleg Rating

Mo, Change
“Fariety 2000 2001 2002 2003 2004 2005 2006 Chanqe1 Years per year
AL-Emblem g5 70O J&8 Y0 ¥OD Yo 7.0 0.0 B 0.000
Surpass 400 ad 50 90 B85 85 - - -0.5 4 0124
Mlystic 70 BO B0 55 A0 50 50 -2.0 7 -0.286
R ainb awy 5 B0 BS BO 55 55 3.3 -1.0 7 -0.143
Georgie r0 65 55 A0 50 - - -0.5 4 -0.125
lonty 50 45 45 35 A0 50 45 -0.5 7 -0071
AG-Dutback f.0 B5 BS A5 55 55 -1.0 5 -0.200
Rivette 5 BA5 A5 A0 35 -1.0 4 -0.250
Ripper f5 BS5 BS BA 50 50 30 -1.5 6 -0.250
Furler f8 BA B5 B5 70 T0 - 0.5 5 0.100
Grouse f0 65 B5 BAS 65 - - -0.5 5 -0.100
Scoop 70 BO B5 BO 63 - - -0.5 5 -0.100
Charltan f0 B0 BO BO 55 55 5.5 -1.5 70214
Dunkeld 70 BO BO BO &5 55 6.0 -1.0 7 -0.143
Oscar 5 B0 BO 55 50 45 50 -1.5 70214
4702 E5 55 55 50 - - - -0.5 4 0125
46C03 g0 60O 60O BO BO 55 5.5 -0.5 6 -0.083
AG-Castle ga ¥5 70 YD TN -0.5 4 0125
Lantern 070 BOD BEOD 60 -1.0 4 -0.250
Drum BO 55 55 5.0 - - - -1.0 4 -0.250
Surpass J00TT 45 35 25 20 25 - -1.0 4 -0.250
Karoo 3o 35 35 30 25 25 25 -1.0 7 -0.143
ATR-Eyre 80 50 45 45 40 -1.0 4 -0.250
Clancy g0 B0 BO 6.0 - - - 0.0 4 0.000
Finnacle B0 55 B0 55 50 55 55 -0.5 7 -0071
Surpass BOOTT g0 &5 455 50 50 - - -0.5 4 -0.125
ATR-Grace 5 65 B5 B5 BO 60 -0.5 5 -0.100
ATR-Hyden 60 B5 B5 BS5 BA 6.0 -0.5 5 -0.100
ATR-Beacon ? BOD B5 BO BO 55 -0.5 5 -0.100
44071 4.5 5 45 40 35 50 50 0.0 g  0.000
44C73 556 &5 50 50 50 540 -0.5 5 -0.100
45075 ? BOD BO BO 55 6.0 0.0 5 0.000
A6C74 7 B0 B0 55 55 5.5 -0.5 5 -0.100
Average change in blackleg scaore per year: -0.130
zvalue (population mean O0): 8.2
Probahility average is different from zero: =0.001

'Change in blackleq zcore iz calculated from the mature blackleq zcore (in bold) minus the fird score atter the
preliminary amore in year of release (preliminary scare initalicz). Thisis divided by the number of years
zeparating the two scoresto give the change in blackleg score per year. A minimum of four years' data were
required to assess "change per vear" and 33 vareties met thiz crtefon.



DH lines express strong additive genetic variance and therefore heritability is high in early generations
after production of the first DH plant — selections for early maturity will “breed true” for early maturity. In
contrast, heritability is low in early generations of a pedigree breeding system as a result of
heterozygosity, and early generation lines do not breed true, especially if they are exposed to continual
cross-pollination. DH technology should allow selection of early maturing lines from a cross, more quickly,
more confidently and more efficiently than with a pedigree breeding system. Very early maturing DH-
derived cultivar Trilogy (Fig. 1) was selected and released for extremely low rainfall environments within 4
years of crossing.

Conclusion

Canola breeding in Australia from 1970 to 2000 was remarkable on the world stage for successful
breeding of blackleg resistance by transgressive segregation from diverse ancestral parents, for
development of high seed quality and for adaptation to Australian environments. However, there are now
signs of loss of genetic diversity, and the coefficient of parentage between pairs of Australian canola
varieties in 2000 (>0.3) is higher than between pairs of North American two-row barley cultivars prior to
1990 (0.19) (Martin et al. 1991).

New genetic diversity is required to promote future genetic progress in polygenic blackleg resistance and
broader adaptation to the Australian wheatbelt. New methods of introgression of new alleles should be
investigated; and new biotechnologies such as DH technology may aid the development of early maturing
types with improved blackleg resistance and adaptation to low rainfall environments.

These changes have already started. New “immigrant” varieties have appeared in pedigrees of recent
varieties, and new low rainfall varieties are emerging (Fig. 1). The breeding principles of the RIPE system
in barley should be considered for introgression of new alleles and expansion of the effective population
size in Australian canola (Kannenberg and Falk 1995). More efforts are needed to expand the Australian
canola gene pool and to take advantage of genetic improvements outside of Australia. The RIPE system
deliberately restricts the rate of introgression in order to preserve local adaptation. This allows a balance
between the rate of introgression of new alleles and improvements in local adaptation.

There are no canola breeding programs outside of Australia with germplasm that is adapted to Australian
conditions. Any imported germplasm will be cross-bred with local types to introgress valuable alleles. With
new genetic diversity and genetic improvements for low rainfall in the next few years, B. napus canola
should no longer be considered a drought-sensitive crop by Australian growers and agronomists.

There are economic issues for canola breeding that also need to be addressed by industry. Australia
needs to develop a system that adequately rewards investment in canola breeding for the lower rainfall
regions, and which also meets the needs of growers.
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