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ABSTRACT

Lupin gene banks have ample supplies of valuable
new alleles (VNAs), defined as minor alleles that
have the potential to improve valuable quantitative
traits in domesticated lupin species. Population
genetics theory indicates that VNAs are readily lost
during the backcross process, well before their value
is realised in crop plants. In elite breeding programs
they can also be lost by genetic drift due to their low
allele frequency in the population — as a result of
small effective population size in most breeding
programs. This paper provides a model to move
VNAs from wild to domesticated lupins and to
capture their value in an elite breeding program.
The model is based on the binomial probability
distribution for segregating alleles in backcross
populations, with at least 95% chance of retaining
each VNA in fully domesticated offspring derived
from the BC, generation. The model allows for
simultaneous selection for S5 or 6 major
domestication genes. The VNA is fixed by selfing
BC,-derived progeny — this is crucial to improving
the chances of retaining the VNA in subsequent
crossing to elite parents. The model will generate a
continuous flow of VNAs for assessment in elite
breeding material, and consequently will help to
release the value of lupin genetic resources currently
tied up inside international lupin gene banks.

INTRODUCTION

The world is relatively well endowed in lupin
genetic resources with 17 genetic resource centres
holding a minimum of 200 accessions, and more than
25,000 accessions in gene banks worldwide (Cowling
etal. 1998a). Valuable new alleles (VNAs) for crop
lupins are hypothesised to be present in these lupin gene
banks, but they are largely inaccessible to lupin
breeding programs as a result of formidable genetic
barriers as will be described in this paper.

Crop-type lupins share a problem with many other

crop species — the domestication process has
dramatically reduced the size of the crop-type
populations. Cultivated sweet narrow-leafed lupin

(Lupinus angustifolius 1.) has a very narrow genetic
background as a result of domestication from a handful
of genotypes during the 20th century (Cowling et al.

1998b, Cowling 1999, Gladstones 1982). For most
crops, one or more genetic ‘bottlenecks’ have occurred
during domestication as a result of the founder effect
(Ladizinsky, 1985). The founder effect limits the
potential for genetic improvement of most crop species.
The corollary of the founder effect is that wild relatives
harbour valuable genetic variability with high breeding
potential (Ladizinsky, 1985). These VNAs are defined
as minor alleles that have the potential to improve
valuable quantitative traits in domesticated species.

Only five or six domestication genes separate
cultivated L. angustifolius from the wild genepool
(Cowling et al. 1998b, Gladstones, 1970, see Materials
and Methods), which is similar to the situation in many
other crop plants (Ladizinsky, 1985). Nevertheless, this
presents a major obstacle to introgression of VNAs from
wild to domesticated L. angustifolius. Only one out of
4096 domestication genotypes segregating in the F, of a
cross between wild and domesticated L. angustifolius
are homozygous for crop-type alleles at all 6
domestication loci. These rare plants can be selected
over subsequent generations of selfing, but are likely to
be agronomically inferior to the elite breeding lines
since 50% of the alleles on average come from the wild
parent.

The challenge of introgressing genetic diversity
from wild relatives, as the genetic gap between
improved and ‘unimproved’ gene pools increases, has
limited the use of exotic germplasm in elite breeding
programs. The performance of breeding populations is
almost always negatively affected when exotic
germplasm is introduced (Rasmusson and Phillips,
1997). The exception is the routine backcrossing and
transfer of major genes (such as disease resistance).
Some breeders have concluded that minor alleles cannot
be transferred across the domestication bridge: “What is
precluded is the transfer of useful genetic diversity for
important quantitative traits” (Rasmusson and Phillips
1997).

From personal experience, I was not able to achieve
a useful result from crossing domesticated and wild
L. angustifolius over 17 years of active lupin breeding.
Inevitably, after selfing for 5-6 years, the few surviving
fully domesticated progeny were inferior agronomically
to the parent elite lines. I had reached a breeding ‘dead—
lock’ — having invested a large amount of time and
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resources, I could not justify further crossing into the
elite population, so any VNAs in the surviving progeny
were therefore lost. Most breeders have not overcome
this problem, despite the fact that it severely limits the
long-term effectiveness of plant breeding.

It is likely that VNAs are present in wild germplasm,
and it should be possible to reveal their effect in
desirable agronomic backgrounds. Advanced backcross
analysis (Tanksley and Nelson, 1996) has been used to
prove that quantitative trait loci (QTLs) from wild rice
(Oryza rufipogon Griff.) are associated with positive
contributions to yield and quality in cultivated rice
(0. sativa L.) (McCouch et al. 2007, Moncada et al.
2001, Thomson et al. 2003). This confirms that wild
relatives contain valuable minor alleles that may
contribute to improvement in economically important
quantitative traits, such as grain yield, in elite breeding
programs.

This paper describes an efficient and low-cost
method to access potentially valuable genetic diversity
in the wild lupin gene banks. The recent development of
a genetic map in L. angustifolius (Nelson et al. 2006)
will aid the incorporation of advanced backcross QTL
analysis (Tanksley and Nelson, 1996) or association
mapping (Breseghello and Sorrells, 2006) into this
process.

MATERIALS AND METHODS

There are six major domestication genes in
L. angustifolius (Cowling 1999, Cowling et al. 1998b,
Gladstones 1970). Leucospermus (Leuc) controls
pigment production in seeds, cotyledons and flowers
and the recessive form results in white flowers, green
cotyledons and relatively white seeds in the
domesticated crop. Iucundis (Iuc) controls alkaloid
production and the recessive form results in ‘sweet’
seeds in the domesticated crop. Mollis (Moll) controls
water permeability of seed and the recessive form
allows immediate germination upon sowing — this
maternal trait is expressed in the seed coat of progeny
seeds. Tardus (Ta) and Lentus (Le) control pod
shattering and both are needed in the recessive form to
prevent pod shattering at harvest. Early flowering (loss
of vernalisation requirement) is controlled by Ku, and is
the only dominant domestication allele — it is important
for adaptation to short cropping seasons.

The introgression model involves crossing the wild
lupin (W) to three adapted varieties (D1, D2, D3) such
that F; = DIXW, BC; = F1xD2, and BC, = BC1xD3
(Fig. 1). An allele A’ from the wild parent is followed
through the process of backcrossing to the BC,
population based on binomical probability (Fig. 1). The
same adapted variety could be used (D1 = D2 = D3)
which may make the VNAs more ‘visible’ as a result of
greater uniformity in BC,-derived lines, but this reduces
the opportunity for recombination in the elite
population, and it reduces the effective population size
of the BC, due to greater inbreeding. The fate of
domestication genes from the domesticated parent(s)
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must be considered in parallel (Fig. 2) to the fate of A’
alleles from the wild parent (Fig. 1).

The binomial distribution for segregating progeny
indicates that there is a probability of P = 0.984 that at
least 1 out of 6 BC, progeny will contain the A’ allele in
the heterozygous form, so at least 6 BC; progeny should
be used in crossing to produce the BC,. The BC, field
trial in year 2 should contain at least 6 rows from each
of 6 BC, families (minimum 36 rows) with at least 48
viable seeds in each row (it is necessary to grow 48 BC,
plants in each row in order to select for domestication
genes as described in Fig. 2). There is a probability of
P =0.968 (0.984 in BC; x 0.984 in BC,) that at least one
of the 36 BC, rows is segregating for A’ (Fig. 1). In this
row, at least 7/48 plants are homozygous for this allele
(P = 0.973). Homozygous plants A'’A" may show a
visible improvement to stress or disease pressure and be
selected for harvest — in any case, a minimum number
of plants should be selected in the BC, and selfed for
further testing. BC,-derived individuals contain on
average 87.5% elite alleles, and are expected to be
acceptable for agronomic characteristics. Since all A’
alleles are subjected to the same probability of retention
during the backcross process, it may be concluded
(P >0.95) that the entire genome of the W parent will
be dispersed across the 36 BC,S(,; family rows with 48
plants in each row (total 1728 plants).

The domestication alleles will be selected in a
certain order during this backcrossing process (Fig. 2).
Following the same logic as above, it is possible to
select most of the major domestication alleles before
sowing in the BC,S,,; field row trial.

The time taken to reach the BC,S.; field row trial
will be approximately 1.6 years from planting the initial
parents (Fig. 2). The domestication genes that are
segregating in this trial include the non-shattering gene
ta and early flowering gene Ku. The BC,S,; family
rows will segregate 1:1 for non-shattering:shattering
pods (ta ta:Ta ta). In segregating rows, at least 7 of 48
plants (P = 0.973) will be homozygous ta ta. The
BC,Sy.; family rows will also segregate 1:1 for Ku
Ku:Ku ku. Segregation for late flowering will occur in
some rows and at least 7 of 48 plants (P = 0.973) will be
homozygous ku ku or Ku Ku in these rows.

It follows that at least 1 of 48 plants (P =0.955) in a
segregating row will be both A’A’" and ta ta (ie.
homozygous for the VNA as well as the allele
preventing pod dehiscence). Many rows will be
uniformly homozygous for ta ta; therefore the number
of individuals homozygous for A’A" and ta ta will be
higher in these rows. Imposing a 95% probability limit
for selection of domestication genes during the
backcross process is a conservative approach, designed
to improve the chances of fixing most VNAs in BC,-
derived plants. If the success rate for selecting
domestication alleles is higher than in the model, there
will be a corresponding increase in the number of
homozygous plants for A'’A" and all domestication genes
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in BC,S,.; family rows. For example, selection for early
flowering may occur in early generations if seed
quantities permit, and this will increase the likelihood of
Ku Ku homozygotes in the BC,-derived rows. The
breeder may also choose to retain later flowering types
(ku ku).

Plants at the end of the BC,S,.; field trial will be
selected for favourable phenotypes, such as disease

Years since

first cross  Location Crossing diagram
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resistance, drought tolerance, or soil toxicity or
deficiency tolerance. Such plants should have all the
necessary domestication genes and, possibly, will be
fixed A’A’ genotypes. The entire process should take no
more than 2.5 years from sowing of the first parents to
harvest of the BC,S;., seed (Fig. 2).

Breeding process/notes

Legend:

B = 44" homozygous wild, valuable allele &'
m =43 - heterozygous wild/domestic

O =AA - homozygous domestic alleles

GH = glasshouse F =field

D1 = first backcross elite domestic parent
D2 = second backcross elite domestic parent
D3 = third backcross elite domestic parent
(D2, D3 may be substituted by D1)
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W D1 - parental cross

BC; = F; x D2 - first backcross

O D3 BC, =BC,; xD3
Backcross D3 to 6 BCy individuals

F=0.984 that 2 1/6 are @

Harvest 6 BC, families A-F
Grow 6 plants per BC, family

Within families from ® BC, parent:
P =008 that = 1/6 are @
Over all families:
P =0.068 that = 1/36 are @ (=0.984 x 0.984)

Self and harvest 36 BC, progeny

Grow 36 BC,5;4 progeny rows, with
at least 48 plants per row

Row marked @ is segregating 1:2:1 Wm0
P=0.973that = 7/48 plants are B
i.e. homozygous A'A°

Self and harvest single plants

Seed increase rows of BCoS,., progeny for
yield, disease, quality testing stc

Fig. 1. Introgression process to incorporate a valuable minor allele A’ from a wild parent into an elite gene pool of a
domesticate crop plant. The entire genome of the wild parent is represented among the 36 BC, rows with 48
plants per row, with on average 12.5% wild alleles in each plant. The valuable allele A’ is assured (P > 0.95) to
be segregating to homozygosity in at least one of the BC,Sy.; rows (from Cowling et al. 2008).
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Years since
first cross  Location Crossing diagram Breeding process/notes
Legend
® = homozygous W alleles at domestication locus D1 = first backcross elite domestic parent
® = heterozygous at domestication locus D2 = second backcross elite domestic parent
O = homozygous D aleles at domestication locus D3 = third backecross elite domestic parent
GH = glasshouse F =field (D2, D3 may be substituted by D1)
Domestication Genotypes Domestication Phenotypes
W {wild parent) D (domestic parent) W iwild parent) D {domestic parent
Ioll Moll moall moll Impermeable seeds =hard [H] Permeable seeds =soft{S)
Levic Levic leve levic Figmentad flowers, seedings, seeds Lacks pigment
Rie Ric [ 77l (¥7od Bitter seeds and foliage Lacks alkaloids
Le Ie le le Shattering pods, white stem cortex Mon-shattering, red stem cortex
Ta Ta tata Shattering pods Mon-shattering
Fu ke i Kig Late flowering,; vernalisation required Early flowering; non-vernalizing
0.0 GH o 8 = O & D1 Wy x D - parental cross
W is hard-seeded (Mol Mol ) - scarify before sowing
04 GH Fr ® = © D2 BCy =F; x D2 - first backcross
F; inherits hard seed coat genatype from wild mother (Maoli Maoli)
- scarify Fy before sowing
Harvest 248 BC, seeds
0.8 GH BC, progeny: ® @ & ® BC, inherits hard seed coat genotype from Fy mother (Mol mail)
- @@ @0 ® - scarify and sow 248 BC, seeds
@ ® @ ® @ Discard pigmented seedlings (Leuc /euc ) (£30 plts)
@ [ONNO)] @ P =0.970 that = 18/48 are white (feuc leuc)
® @ @ @
® & @ ® Discard bitter types (<12 plants)
& . & 0 } F=0.952 that = 6118 are swest (juc juc)
® ® ® ® ® ® x O D3I BC;=BC,xD3
Backcross D3 to 6 BC, individuals sweet, white {(juc ivc |, feuc lauc)
l l l l l l Use BC, as fernale
BC, familes: & B C D E F Harvest 6 BC, families A-F (248 BC, seed per family)
select for H-5 seeds BC; segregating for seed coat genotypes from BCy mather
l l l l l l Segregating 1:1 hard:soft (Mol moi malf moll )
Soft-seed test 48 seeds in each BC, family
S S S|H H H |dentify soft-seeded (S) and hard-sesded (H) BC, families
1.2 GH BC, progeny: @& & @ |® & & S BC, families (moff malf ). sow 18 seeds
® ® e @ Discard white cortex progeny (Le fe)
B 8 8|8 @ & P =0.952 that 26/18 have red cortex (/e /g ); select and self
® R I Harvest 248 viable seeds from each of 6 progeny per BC; S family
@ ® D N @ H BC, families (Mol malf ). scarify & sow 48 seeds
® ® @ @ Discard white cortex progeny (Le /e
@B & & F=0.970 that 218/48 have red cortex (/& /& ); select and self
e e Harvest 248 viable seeds from each of 18 progeny per BC, H family
® @ Soft-seed test 18 H BC,5q. families; 7 =0.852 that 26/18 are all soft
l l l Sow in field 6 soft BC;Sy4 progeny-rows per S and H BC, family
1.8 F A B C D EF Grow 36 BCySg4 progeny rows, with at least 48 plants per row
BC,Sq progeny: |1 1 1 1 1 Rows will segregate 1.1 non-shattering:shattering (fa ta: Ta fa)
| I I T R R | P=0.984 21/6 BC,5q, family segregates for shattering
| I L T R I | In segregating rows, A =0.973 that 27/48 selfed progeny are {a fa
| I R I (R | Rows will segregate 1:1 Ku Ke Ku ku
| I I T R R | P=0.984 21/6 BC,5q4 family segregates to late flowering
{1 R I H B | In segregating rows, =0 973 that 27/48 selfed progeny are Ku Ku
Row marked ® is segregating 1:2:1 W.E.0O for 4
select™ and self P=0.973 that =27/48 plants are M, i.e. homozygous 44"
P =0.955 that 21/48 plants are bath 44" and ta fa
Select and self single plants
J *Select for non-shattering pods, early flowering, new phenotypes
Seed increase rows of BC3S; .5 progeny for yield trials,
2.5 F BC;S,roms & B C D E F disease screening, quality test etc

Fig. 2. Introgression process showing the fate of domestication alleles, based on the crop plant Lupinus
angustifolius, which has five recessive domestication genes and one dominant domestication gene Ku for early
flowering that are selected during the backcrossing process. The process aims to select for homozygosity at the
domestication loci in BC,S,; progeny plants. At least 1 of 48 plants (P = 0.955) in a segregating BC,Sy.; row
will be homozygous for A" and ta at both loci, plus all of the other domestication alleles, and will be ready for
selfing and further evaluation to select lines for the next round of crossing with the elite pool (from Cowling
et al. 2008).
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RESULTS AND DISCUSSION

The introgression of wild alleles into elite
germplasm is a specialised backcrossing/selfing
procedure which combines selection for domestication
alleles in parallel to fixing VNAs from the wild parent
during two backcross generations to elite parents. There
is a high probability (P = 0.955) that at least 1 plant will
be homozygous for all the domestication alleles and the
potentially valuable minor wild allele A’ in every
segregating BC,Sy,;, row. Each selected plant from
BC,Sy.; rows will contain on average 87.5% elite
alleles.

This model provides a 95% probability of sampling
all the alleles from the wild parent in a background of
87.5% adapted germplasm among 36 BC,S.; rows with
48 plants in each row (total population 1728 plants).
Those plants that look ‘interesting’ should be selfed,
harvested and retained for further testing. These plants
will provide an extremely valuable source of novel
genetic diversity for selection and crossing to begin the
next phase of breeding. Selected BC,S;,; lines have a
good chance of being homozygous A’A’ which improves
heritability of the VNAs in the next round of crossing,
when the aim is to increase the proportion of elite
background increases to at least 93.75%. At this point,
the positive effects of VNAs should be clearly seen in
elite breeding lines.

It is important that the effective population size (N,)
and selection coefficient (s) of elite breeding programs
are kept in balance to avoid the effect of genetic drift. If
s exceeds Y2.N,, selection will dominate drift (Falconer
and Mackay, 1996) and favourable A’ alleles will be
selected — assuming that selection is effective in BC,-
derived lines. Modelling in animal populations suggests
that a genetic bottleneck of 20 individuals (N, = 20) is
sufficient to potentially eliminate low-frequency alleles
(p < 0.1) at selectively-neutral loci, compared with
alleles at frequencies above 0.1, due to genetic drift
(Luikart et al. 1998). In other words, low frequency
alleles are most sensitive to the impact of genetic drift in
small crop breeding populations. It is important to
increase the frequency of favourable A’ alleles above
0.1, and the effective population size above 20, in elite
crop breeding programs in order to enhance the
introgression of VNAs into the elite population.

In most crop breeding programs, the effective
population size is less than 20. For example, 5 soybean
introductions account for 55% of the genetic
background of public soybean cultivars in the USA and
significant regional specialisation and isolation has
occurred since breeding began (Gizlice, 1994). The
effective population size of Australian canola breeding
programs after 30 years of closed recurrent selection
was approximately 11, based on the number of ancestral
parents in pedigrees, and cumulative inbreeding resulted
in the loss of 21% of the alleles present in 1970 by
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random genetic drift in Australian canola varieties
released in 2000 (Cowling, 2007). By comparison, 8 or
9 ancestral parents were present in pedigrees of lupin
varieties released in the late 1990s in Australia
(Cowling, 1999). Lupin breeders in Australia are in a
similar situation to breeders of most of the world’s elite
crop breeding programs, and should take steps to
increase the effective population size of their breeding
program to avoid the loss of VNAs during the
introgression process.

While new varieties may not arise from the
introgression program outlined in this paper, the next
round of crossing to elite parents may result in
competitive progeny with high yield and quality, and
with valuable improvements in some quantitative traits.
Introgression is rapid — only 2.5 years from initial
parents to harvest of fully domesticated BC,S,., lines —
and relatively low in cost and size in terms of resources.
The first 1.5 years can be managed on a glasshouse
bench. The BC,S,,, field trial will require approximately
36 10-m rows, each with 48 plants at 5 plants m'. The
process should be within the budget of a ‘normal’
commercial breeding program.

The introgression process presents the breeder with a
pool of novel genetic diversity in a fully domesticated
background. Every selected BC,S;., line contains novel
genetic diversity for further testing and crossing in the
elite breeding program. If the budget is limited to one
WxD cross each year, this will provide a continuous
stream of new and potentially valuable germplasm into
the breeding program on an annual basis. New ‘D’ lines
will be used each year as new elite varieties are
developed by the breeding program, as done in the RIPE
system for barley (Kannenberg and Falk, 1995).

Tanksley and Nelson (1996) proposed a method for
introgressing favourable QTLs from wild relatives,
while eliminating unfavourable DNA, during backcross
generations. Tanksley ef al. (1996) demonstrated that
these methods were useful to transfer mapped QTLs
from wild to cultivated tomatoes to improve the
phenotype of cultivated tomatoes. This introgression
approach was used to move valuable minor alleles from
wild to cultivated rice (McCouch et al. 2007, Moncada
etal. 2001, Thomson etal. 2003). This provides
convincing evidence that valuable minor alleles exist in
wild germplasm that can improve complex traits with
high economic value in domesticated germplasm.

A low-cost and efficient system of introgressing
novel alleles is presented here, that is available to all
breeders, whether or not they have access to molecular
markers. If a system of map-based markers is available,
such as developed for L. angustifolius by Nelson et al.
(2006), then association mapping techniques may be
used to enhance selection of VNAs from wild or non-
adapted parents and improve valuable quantitative traits
in elite crop plants (Breseghello and Sorrells 2006). A
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regular system of introgressing VNAs into elite
breeding programs, such as outlined here, will help to
release the value of lupin genetic resources currently
tied up inside international lupin gene banks (Cowling
et al. 1998a).
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