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Abstract. Breeding methodologies for cultivated lucerne (Medicago sativa L.), an autotetraploid, have changed
little over the last 50 years, with reliance on polycross methods and recurrent phenotypic selection. There has been,
however, an increase in our understanding of lucerne biology, in particular the genetic relationships between
members of the M. sativa complex, as deduced by DNA analysis. Also, the differences in breeding behaviour and
vigour of diploids versus autotetraploids, and the underlying genetic causes, are discussed in relation to lucerne
improvement. Medicago falcata, a member of the M. sativa complex, has contributed substantially to lucerne
improvement in North America, and its diverse genetics would appear to have been under-utilised in Australian
programs over the last two decades, despite the reduced need for tolerance to freezing injury in Australian
environments.

Breeding of lucerne in Australia only commenced on a large scale in 1977, driven by an urgent need to introgress
aphid resistance into adapted backgrounds. The release in the early 1980s of lucernes with multiple pest and disease
resistance (aphids, Phytophthora, Colletotrichum)  had a significant effect on increasing lucerne productivity and
persistence in eastern Australia, with yield increases under high disease pressure of up to 300% being recorded over
the predominant Australian cultivar, up to 1977, Hunter River. Since that period, irrigated lucerne yields have
plateaued, highlighting the need to identify breeding objectives, technologies, and the germplasm that will create
new opportunities for increasing performance. This review discusses major goals for lucerne improvement
programs in Australia, and provides indications of the germplasm sources and technologies that are likely to deliver
the desired outcomes.
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Introduction
Lucerne (Medicago sativa L.) is the oldest known cultivated
forage plant, with historical records of its use dating to 1300
BC in Turkey and 800 BC in Babylonia (Hendry 1923). Its
value as a forage was readily recognised by the Romans 2000
years ago, and during the period of the Roman Empire,
lucerne was intentionally established in all of their provinces
(Ahlgren 1949). Lucerne was introduced into South America
in the 16th Century (Klinkowski 1933), and to Australia
soon after white settlement in the late 18th Century
(McMaster and Walker 1970). World lucerne areas in the
1980s were estimated at 32 million ha, of which 70% were
located in the USA, USSR, and Argentina collectively
(Michaud et al. 1988). Australian areas in 1999 comprised
192000 ha (Table 1) grown exclusively for hay (Australian
Bureau of Statistics), and an estimated 3.5 million ha of
pastures containing lucerne used for grazing in dryland

farming operations (Pearson et al. 1997). It is estimated that
up to 86 Mha could be planted to lucerne under dryland
conditions in eastern Australia and a further 9 Mha in
Western Australia, leaving considerable scope for expansion
of current production (Hill 1996). These estimates were
based on climate (rainfall and temperature), and critical
thresholds for growth and persistence. The greatest
opportunities for expansion were in New South Wales
(NSW) and Queensland (Hill 1996). For example, in
Queensland in 1999, the area sown to pure lucerne stands for
hay and grazing was 32300 ha (Australian Bureau of
Statistics) compared with a potential of 8.75 Mha (Weston
et al. 1984).

This review provides an analysis of lucerne biology,
breeding goals, and achievements up to the present, and
indicates future activities likely to lead to greater and more
productive exploitation of lucerne in Australia. Because of

*This paper is one of a series of invited reviews commissioned by the Advisory Committee of the Journal.
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its wide adaptation, tolerance to abiotic physiological
stresses, and deep taproot, use of lucerne has considerable
potential to improve the sustainability of Australian
broadacre agriculture through improving soil properties
including soil nitrogen levels, lowering the watertable and
hence salinity, and improving soil water penetration.

Lucerne biology

Origins of lucerne

The genus Medicago comprises more than 60 species, which
grow over a wide area stretching from China to Spain and
from Sweden to North Africa (Lesins and Lesins 1979). The
primary centre for the genus is in the Caucasus, north-western
Iran and north-eastern Turkey (Ivanov 1977). The basic
chromosome number for Medicago is x = 8, except for the
annual species M. constricta, M. praecox, M. polymorpha, M.
rigidula, and M. murex where x = 7 (Quiros and Bauchan
1988). Three ploidy levels are found in the genus: 2n = 2x = 14
and 2n = 2x = 16, 2n = 4x = 32, and 2n = 6x = 48. It is
considered that the basic evolution of the genus has taken
place at the 2x level, and that 4x (autotetraploid) species arose
through unreduced gametes, giving rise to heterozygous
individuals that were aggressive enough to colonise new
habitats and to increase the distribution range of the diploid
(Gillies 1972). Annual species are autogamous, whereas the
perennials are allogamous, with different degrees of self
sterility (Quiros and Bauchan 1988).

Lucerne, or alfalfa as it is known in North America, is
part of the M. sativa complex that belongs to the section
Falcago, subsection Falcatae, which includes 4x and 2x
forms of M. sativa ssp. sativa, M. sativa ssp. falcate, and
M. sativa ssp. glutinosa (Lesins and Gillies 1972). Members
of the above taxa all intercross readily, and share the same
karyotype. In this review, the term lucerne is used to
encompass this M. sativa complex. The main barrier to gene
exchange between representatives is ploidy, which is
overcome by diploids producing unreduced gametes. Diploid
forms of purple-flowered M. sativa are named M. sativa ssp.
coerulea, whereas the purple-flowered tetraploid forms are
M. sativa ssp. sativa (Quiros and Bauchan 1988). In both
cases, the purple-flowered forms are characterised by coiled
pods. This contrasts with M. sativa ssp. falcata, which has
straight to sickle-shaped pods and yellow flowers. M. sativa
ssp. falcata is also characterised by 2x and 4x forms. The
third subspecies of the M. sativa complex, ssp. glutinosa, is
4x with bright yellow flowers and coiled pods.

Additional members of the M. sativa complex that
hybridise readily with lucerne include ssp. × varia, ssp. ×
hemicycla (hybrids between ssp. sativa or ssp. coerulea and
ssp. falcata), ssp. × polychroa (hybrids between ssp. sativa
and ssp. glutinosa), and ssp. × tunetana (hybrids between
ssp. sativa or ssp. coerulea and M. glomerata). M. glomerata
is a species related to the M. sativa complex, characterised by
yellow flowers and coiled pods covered in glandular hairs
(Lesins and Lesins 1979).

Genetics and evolution of cultivated lucerne

Cultivated lucerne is always autotetraploid, and is
distinguished from diploid forms by the larger size of its
flowers, pods, and seeds (Lesins 1970). Forage yield is also
higher for 4x than 2x material. Conclusive evidence for
autotetraploidy was provided by Stanford (1951) after
demonstrating tetrasomic segregation for flower colour in
progenies of diallelic plants. Evidence showing the
occurrence of unreduced gametes in diploid M. sativa
indicates that this might have been a significant event in the
origin of the tetraploid subspecies. 2x × 4x or 4x × 2x crosses
are possible when the diploid parent has the ability to
generate unreduced (2n) gametes, giving tetraploid progeny
(Vorsa and Bingham 1979). It is unequivocal that the
hybridisation of M. sativa ssp. sativa and M. sativa ssp.
falcata has contributed substantially to the development of
cultivated lucerne in temperate regions of the world. This is
discussed later in a section on germplasm.

Isozyme analysis has been used to compare variability
levels in natural diploids and tetraploids of M. sativa and in
commercial cultivars (Quiros 1982, 1983; Quiros and
Morgan 1981). In general, natural tetraploids were found to
be more variable than their diploid counterparts, measured
by percentage heterozygosity.

Tetraploid M. sativa ssp. falcata had the highest values for
percentage heterozygosity and number of alleles among all
subspecies including 2x and 4x (Quiros and Morgan 1981).
The level of variability of cultivated lucerne was comparable
to that of natural populations of M. sativa ssp. sativa, but far
below the values obtained for M. sativa ssp. falcata. There
were twice as many tri- and tetra-allelic plants in natural
tetraploids of M. sativa ssp. falcata as in cultivars (Quiros
1983), lending support to the hypothesis that maximum
heterozygosity, reflected in the tri- and tetra-allelic plants,
plays an important adaptive role, at least in wild populations
of autotetraploids (Bingham 1980). In both of the above

Table 1. Australian irrigated lucerne areas and production in 1999 (1982 areas in parentheses)

New  South  
Wales

Victoria Queensland South 
Australia

Western  
Australia

Tasmania Northern  
Territory

ACT Total

Lucerne hay 
areas (ha)

92000
(58200)

42000
(20300)

23000
(18600)

26000
(14400)

2000
–

2000
–

4000
–

– 192000
(111500)

Lucerne hay 
production (t)

406000 199000 196000 86000 16000 11000 19000 1000 933000
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populations, <1.5% of plants were tetra-allelic, whereas 19%
of the M. falcata plants were tri-allelic v. 9% for the cultivars.

Isozyme data have also shown that M. falcata is present in
many cultivated lucernes of different geographic origins,
thought to have only ssp. sativa genes (Quiros 1983). This
was the case for cultivars of Flemish and Chilean origins,
previously thought only to contain the M. sativa genetic
background (Barnes et al. 1977).

When DNA markers were used to assess diversity in 2x
and 4x lucernes, similar findings were made to those with
isozymes (Kidwell et al. 1994a, 1994b). RFLP analysis
showed that herbage yield in 4x populations was more
responsive to genetic diversity than in their corresponding
isogenic diploid populations, this genetic diversity being
manifested in greater opportunity for complementary gene
interactions in the 4x v. 2x populations (Bingham et al.
1994). Whereas differences in yield and certain other traits
can be attributed to increased cell and organ size associated
with polyploidy (Arbi et al. 1978), differences in 4x and 2x
breeding behaviour and combining ability require a genetic
explanation (Bingham et al. 1994).

Autotetraploid genetics and breeding behaviour

The difference between 2x and 4x populations in the way
heterosis is manifested is important in population
development. Maximum heterozygosity and resultant
heterosis is reached in diploids in one generation (the single
cross), whereas heterozygosity and heterosis is progressive
in tetraploid alfalfa and is not maximised until the double
cross or later generation, depending on the level of
inbreeding in the parents (Bingham 1980). Maximum
heterozygosity and resultant heterosis in tetraploid lucerne
could be due to either multiple allelic interactions at a single
locus (over-dominance) or chromosome segments with
complementary alleles (termed linkats), or a combination of
both (Bingham et al. 1994). Demarly (1972) and Dunbier
and Bingham (1975) acknowledged that multiple alleles at a
single locus cannot be distinguished from linkats in most
cases, and breeding methods for maximising heterozygosity
are the same in either case.

Bingham et al. (1994), working in 2-allele populations
derived by doubling diploids and thus eliminating the
possibility of tri- and tetra-allelic loci, have suggested that
the progressive heterosis phenomenon in 4x lucerne could be
due to a progressive increase in complementary gene
interactions involving favourable alleles with additive effects
in linkage blocks (linkats). Complementary gene interaction
occurs when dominant alleles at heterozygous loci, which
affect the same trait, complement each other by masking
recessive deleterious alleles at the respective loci. This state
is also termed epistasis. There are greater opportunities for
complementary gene interactions in 4x than in 2x, since
tetrasomic segregations of linkage blocks containing
favourable dominant alleles in repulsion linkages produce

complementary gene interactions not possible in diploids.
The rapid loss of complementary gene interactions upon
inbreeding 4x lucerne may explain the severe inbreeding
depression experienced upon selfing or sib mating. The
greater complementary gene interactions in 4x lucerne help
to explain DNA marker research indicating that yield in
tetraploids is more responsive to genetic diversity than in
diploids (Bingham et al. 1994).

In breeding lucerne, to maximise yield, every effort
should be made to minimise inbreeding depression, and to
maximise heterozygosity and resultant heterosis (Bingham
1980; Brummer 1999). Recurrent half-sib family selection
following polycrossing of at least 100 unrelated parents
(individual So plants, each a different genotype) has been the
most commonly employed breeding process since first
described for use in alfalfa by Tysdal et al. (1942). All
lucerne cultivars in commercial use today are synthetics,
which may be defined as open-pollinated cultivars produced
by random mating of many parents (clones or genotypes)
(Busbice 1969). Synthetics can be reconstituted from the
original selected parents, and this differentiates a synthetic
from an open-pollinated cultivar.

Recognised world germplasm sources of lucerne and traits 
associated with these sources

Barnes et al. (1977) identified and provided characteristics
for 9 distinct lucerne germplasm sources that had been
introduced into the US between 1850 and 1947, and which
had contributed to lucerne development in North America.
These sources (groups) are: 1, M. falcata; 2, Ladak (contains
a lot of M. falcata); 3, M. varia (naturally occurring hybrids
of M. falcata and M. sativa); 4, Turkistan (primarily M.
sativa); 5, Flemish (primarily M. sativa); 6, Chilean
(primarily M. sativa); 7, Peruvian (only M. sativa); 8, Indian
(only M. sativa); 9, African (only M. sativa). Groups 6–9 are
all non-dormant types, whereas Groups 1– 5 have a high to
moderate level of winter dormancy. Sources 6 and 7 derive
from Spanish lucernes. Source 4 (Turkistan) is generally
susceptible to leaf diseases, but has resistance to insects and
root and crown diseases, and for this reason has been
extensively used in breeding. The Flemish lucernes,
moderately winter-hardy, are generally resistant to foliar
diseases and susceptible to root and crown diseases. The 9
germplasm sources correspond with the generally accepted
fall dormancy classes (1, very dormant; 9, non-dormant), but
Fairey et al. (1996) found that there was a lack of exact
equivalence between fall dormancy class and plant height of
the fall regrowth. They indicated 2 clear dormancy classes
only: dormant with a large falcata/ladak infusion, and non-
dormant comprised of Indian and African material.

Root morphology has a critical role in influencing
persistence and productivity traits of lucerne (Johnson et al.
1998). Using ecotypic correlations among plant
introductions, these authors found that tap root diameter and
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lateral root diameter were positively correlated with fall
dormancy; and that lateral root number, lateral root position,
and fibrous root mass were negatively correlated. However,
for cultivars released since 1980, only fibrous root mass was
correlated with fall dormancy, indicating that plant breeding
strategies could be effectively used to modify root
architecture. Also, the wide variability observed for the
above traits, particularly in plant introductions, suggested
that there was a lot of scope for breeding cultivars with a
specific root architecture; however, the ideotype for specific
environments remains undefined.

Application of molecular mapping and molecular marker 
technology to lucerne improvement

Advances in molecular biology over the last decade have
provided DNA-based markers, including restriction
fragment length polymorphisms (RFLPs) and random
amplified polymorphic DNA (RAPD) markers, which are
not affected by environmental or developmental factors
(Tanksley et al. 1989; Williams et al. 1990). A molecular
linkage map can be readily constructed using these markers
in segregating populations, and such maps when generated
can simplify genetic analyses that are applicable to plant
improvement, including lucerne (Brummer et al. 1991).
Several such genetic linkage maps have been created for
lucerne using diploid populations, to avoid the complicated
tetrasomic inheritance and linkage relationships of
tetraploids (Brummer et al. 1993; Kiss et al. 1993; Echt et al.
1994; Tavoletti et al. 1996). Three of the 4 maps generated
from this research have identified 8 linkage groups
corresponding to the basic chromosome number of x = 8.
These maps have been used to locate genes controlling
flower colour, dwarfness, and sticky leaves (Kiss et al. 1993),
seed proteins and nodulation factors (Kiss et al. 1997), a
unifoliate leaf, cauliflower head mutation (Brouwer and
Osborn 1997), and winter hardiness (Brouwer et al. 2000).

Yu and Pauls (1993) used RAPD markers in tetraploid
lucerne to analyse segregation patterns, and the results
indicated that random chromosome segregation was the
predominant, but not exclusive, mode of inheritance in the
tetraploid clones studied. These workers also discussed the
relative merits of various strategies for molecular mapping in
the tetraploid lucerne genome. Brouwer and Osborn (1999)
used single dose restriction fragments (Wu et al. 1992) to
generate a linkage map in 2 backcross populations of
tetraploid lucerne. The molecular probes used had also been
used in generating diploid maps, allowing a direct
comparison of diploid and tetraploid maps. Generally, the
locus map orders and distances were in concordance across
the 2 ploidy levels, eliminating the need for ploidy level
manipulations, as conducted by Havey et al. (1987) when
studying inheritance of Phytophthora resistance in
tetraploids. This latter finding is significant, since general
combining abilities for forage yield and fertility are not

correlated when studied in isogenic diploid and tetraploid
lucerne, suggesting that genes affecting these quantitative
traits may have different effects at the 2 ploidy levels (Groose
et al. 1988). It can thus be concluded that mapping at the
tetraploid level may be more informative for quantitative
traits such as yield and fertility, and would eliminate the need
for ploidy manipulations. The populations studied by
Brouwer and Obsorn (1999) and Brouwer et al. (2000) were
also segregating for winter hardiness, autumn dormancy, and
freezing tolerance.

Molecular markers would appear to have significant
application in the mapping of traits important to lucerne
improvement in Australia, e.g. resistance to Phytophthora,
Colletotrichum, and spotted, blue-green, and pea aphids; and
particularly in the identification of individual plants and
clones possessing multiple resistances to these pests and
disease. Because of the population breeding approach that
has to be adopted for lucerne, simply inherited, dominant
sources of resistance, as have been identified for
Phytophthora resistance (Irwin et al. 1981a, 1981b) and
Colletotrichum resistance (Mackie and Irwin 1998b), are
more likely to lead to more rapid population improvement
than those sources which are of more complex inheritance
(Mackie and Irwin 1998a, 1998b). Molecular markers would
also facilitate mapping of quantitative trait loci (QTLs). A
QTL has been identified in diploid lucerne controlling
variation in aluminium tolerance (Sledge et al. 1996), and
more mapping of QTLs influencing forage yield and other
quantitative traits in tetraploid material will greatly facilitate
breeding of improved lucernes for Australia, once the
required specific traits other than yield and persistence have
been identified.

Kidwell et al. (1994c) used RFLPs to assess genetic
diversity between the Medicago sources of accessions
representing the 9 original germplasm sources for North
American cultivars. The results suggested high levels of
genetic diversity between individuals within accessions, and
compared with the diversity between accessions, most of the
germplasm sources were not very distinct genetically. The
exceptions were M. falcata and Peruvian, which formed
distinct clusters from the remaining 7 accessions, which
clustered together. Tools such as RFLPs have potential to be
used to assess the relative contributions of different
germplasm sources to cultivar development, although the
study of Kidwell et al. (1994c) detected very few accession-
specific polymorphisms. Use of additional probes that may
be more closely linked to the ecologically significant genes
that distinguish the groups may assist in resolving this issue.

Clearly, molecular marker technologies have much to
offer to lucerne improvement in Australia. The challenge
will be to identify specific traits needed for lucerne
improvement over the range of climates, soil types, and
management conditions to which lucerne is subjected in
Australia. A molecular analysis of Australian cultivars, using
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the technology of Kidwell et al. (1994c) and later workers,
would provide valuable information on genetic diversity
levels in Australian cultivars, and may provide indications
for future improvement using the maximum heterozygosity
concept of Bingham (1980), once the alleles or linkats
conditioning important traits have been identified. Yield
increases that accompany increased heterozygosity may be
associated with the interaction of multiple alleles at
individual loci, or chromosome segments containing linked
favourable dominant alleles, or a combination of the two
(Bingham 1980; Groose et al. 1989). Use of molecular
marker technology on appropriate populations will help
elucidate these gaps in our knowledge and contribute in a
practical way to lucerne improvement.

Role of genetic engineering in lucerne improvement

Genetic engineering bypasses the constraints of sexual
hybridisation, and provides for the exchange of genetic
material between widely different organisms. This has been
achieved for lucerne chiefly using Agrobacterium
tumefaciens (Deak et al. 1986) or microinjection (Reich et
al. 1986). Since these early studies, lucerne has been
transformed for a variety of single-gene traits, including
herbicide resistance (D’Hallium et al. 1990), virus resistance
(Hill et al. 1991), and an insect proteinase inhibitor (Thomas
et al. 1994). Thomas et al. (1994) described a transformation
system using Agrobacterium tumefaciens that was highly
efficient (10% of all explants exposed to Agrobacterium).
High levels of expression of the proteinase inhibitor (0.125%
of total protein) were obtained using the Cauliflower Mosaic
Virus 35S promoter-proteinase inhibitor fusion.
Agrobacterium transformation has been further improved in
Medicago truncatula using in planta infiltration methods
(Trieu et al. 2000), and this technology will have application
in lucerne.

This research indicates that it is practical to transform
lucerne with foreign genes. The challenge is to identify
single genes that will effect better results than using
conventional methods. Antimicrobial genes which will
provide improved management of pathogens for which there
is no naturally occurring resistance, e.g. Rhizoctonia solani,
the causal agent of rhizoctonia root canker, would appear to
offer promise. An excellent example of the application of
genetic engineering to effect improved traits in lucerne
concerns bloat management. A major disadvantage of
grazing ruminants on lucerne is bloat, an abnormal
distension of the rumino-reticulum caused by excessive
retention of microbial fermentation gases within the ruminal
cavity. Instead of forming pockets of free gas above the
rumen contents that can be eliminated by eructation, the gas
bubbles remain dispersed throughout the rumen contents,
producing an abnormal increase in the volume of the
contents, distending the rumen to the point where breathing
and circulation are impaired, sometimes resulting in rapid

death (Reid et al. 1975). The characteristic frothiness is
caused by inadequate coalescence of gas bubbles, and
identification of the substances in lucerne responsible for
frothy rumen contents is still not resolved, although total
soluble leaf proteins are thought to play a major role (Majak
et al. 1995).

It has been known for many years that some leguminous
forages such as sainfoin (Onobrychis viciifolia) do not cause
bloat (Tanner et al. 1997). Sainfoin produces condensed
tannins, which bind, via hydrogen bonding, to the soluble
leaf proteins. There is sufficient tannin in the leaves of
sainfoin to precipitate the soluble leaf protein in the rumen,
thus preventing the formation of a stable protein foam.
Lucerne and other bloat-inducing legumes do not produce
condensed tannins. Tanner et al. (1997) have isolated a key
tannin biosynthetic gene from sainfoin that synthesises leaf
tannins. Work is in progress through genetic engineering
approaches to transfer this sainfoin gene into lucerne, to
switch on tannin biosynthesis. Single gene manipulations
such as described above hold great promise for addressing
issues such as bloat, and for introducing novel disease
resistances into lucerne that are effective against pests and
diseases for which strongly expressed naturally occurring
resistances have not been identified.

Lucerne improvement in Australia

Performance of lucerne lines and germplasm in Australia up 
to 1977

Until 1977, Hunter River was the predominant cultivar
grown in Australia, occupying over 95% of the total lucerne
area (Cameron 1973; Rogers et al. 1978). Hunter River’s
origin remains unclear. Daday et al. (1961) indicated that
Hunter River was assumed to have originated from the
Mediterranean region (Williams 1950), whereas Rogers
(1967) suggested that Hunter River derived from the French
variety Provence, and had a Flemish background (Group 5).
It is probable that a range of introductions was assimilated
into the one variety, contributing, together with over 100
years of natural selection, to its wide adaptability. It has been
shown that there was considerable genotypic variation within
Hunter River, with seed derived from the Tamworth region of
NSW considered the best in NSW in the early 1900s
(Cameron 1973). However, when selections from
Queensland and NSW were compared with commercial seed
derived from South Australia, Gramshaw (1978) found no
consistent yield or persistence differences.

Although Hunter River held a virtual monopoly in
Australia up to the mid 1970s, Rogers (1961) presented
evidence from the Riverina showing that Hairy Peruvian
(syn. Siro Peruvian) (Group 7), Indian (Group 8), and
African (Group 9) all had higher production in the first 3
years of the stand than Hunter River, but lacked Hunter
River’s genetic base for persistence per se. These studies and
those of Daday et al. (1961) demonstrated the importance of
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G × E interactions in breeding programs through the superior
performance of Du Puits (Group 5) in cooler tableland
environments in New South Wales compared particularly
with the better performance of Hairy Peruvian in the warmer
environments of the Riverina, the New South Wales south
coast (Daday 1965), the north-western plains of New South
Wales (Launders 1970), and the Darling Downs in
Queensland (Fletcher 1970).

Cameron (1973) found that Hairy Peruvian, Indian, and
African were initially superior to Hunter River in the warmer
and more humid environment of Biloela in Queensland but the
advantage there lasted only 1 year. Most of the extra production
occurred during the cooler months. In these studies, Du Puits
lacked the winter production of African and Hairy Peruvian,
and all were less productive and persistent than Hunter River
(Cameron 1968; Cameron and Mullaly 1972).

Table 2. Lucerne cultivars listed in the Register of Australian herbage plant cultivars (Oram 1990) or described in the  Australian Plant 
Varieties Journal, their year of first certification or registration or grant of PBR in Australia, and their origins

Cultivar Year Geographic or varietal origin of  parental germplasm Sources of parental 
germplasmA

Hunter River 1962–1963 French or Mediterranean-type, Provence 5A

African 1962–1963 Egyptian 9
Du Puits 1963–1964 French 5
Siro Peruvian 1964–1965 Chilean 8
Cancreep 1968 Rambler, African, Siro Peruvian, Hunter River 1, 5, 7, 9
Paravivo 1971 Egyptian 9
Demnat 1972 Algerian 9
Falkiner 1976 cv. Lahontan (Turkistan) 4
Walkabout 1977 Hunter River, Indian, Saladina, Hairy Peruvian Pampa 1, 5, 7, 8
Nova 1979 cv. Lahontan 4
CUF101 1979B UC Cargo, UC Salton, UC 76, 1972 Breeding Mixture and Niagara N71 Brand 

(refer Crop Science 23, 398)
2, 3, 4, 5, 6, 7, 8, 9

Siriver 1980 cv. Hunter River, cv. CUF 101 and Turkistan 2, 3, 4, 5, 6, 7, 8, 9
Sirotasman 1980 Du Puits, Saranac, Washoe, CUF 101, UC 110 and UC 112 2, 3, 4, 5, 6, 7, 8, 9
Springfield 1980 CUF 101 and NZ bacterial wilt resistant clones (cf. Sirotasman) 2, 3, 4, 5, 6, 7, 8, 9
Wakefield 1980 Afganistan and Hunter River, Paravivo, Demnat, African and CPIs 4, 5, 9
Sheffield 1980 Afganistan and Spanish CPIs, plus Wakefield 4, 6, 9
Maxidor 2 1983 WL 318, WL 512, CUF 101, African and Turkistan 2, 3, 4, 5, 6, 7, 8, 9
Validor 1983 WL 318 –
Hunterfield 1983 Hunter River 5
Trifecta 1983 Hunter River, CUF-101 and various other clones (Siro Peruvian, Lahontan, UC 76) 2, 3, 4, 5, 6, 7, 8, 9
Sequel 1985 Siro Peruvian, CUF 101 2, 3, 4, 5, 6, 7, 8, 9
Aurora 1986 Falkiner, Siriver and WL 318 2, 3, 4, 5, 6, 7, 8, 9 
Quadrella 1991 Trifecta 2, 3, 4, 5, 6, 7, 8, 9
Prime 1992 – –
L69 1995 – –
L34.HQ 1996 Apollo, NCMP-1, Saranac AR, Anchor, Atra 55, 532, 521, 531, 520, 530. Du Puits, 

Vernal, Narragansett, Culver, Maryland, Dawson, Iroquois, MSA
1, 2, 3, 4

Aquarius 1997 CUF 101, M193 (refer Crop Science 29, 833) 1, 2, 3, 4, 5, 6, 7, 8, 9
Genesis 1997 Hely 7 × Hely 11, M193 1, 2, 3, 4, 5, 6
Sceptre 1997 – –
Sequel HR 1998 Siro Peruvian, CUF 101 2, 3, 4, 5, 6, 7, 8, 9
Jindera 1998 – –
Eureka 1998 – –
Flairdale 1998 Hunter River, Wakefield, Springfield, Pioneer 581, CUF 101 2, 3, 4, 5, 6, 7, 8, 9
Grasslands 

Kaituna
1999 Experimental lines AG3E and 83 + 34 –

Hallmark 1999 Trifecta, Sequel, M193 1, 2, 3, 4, 5, 6, 7, 8, 9
Salado 2001 Mesa Sirsa, AZ-Gern Salt II, AZ90NDC-ST 8 (predominately)
Rapide 2001 Hassawi, Pioneer 5929, WL 605 9 (predominately)
UQL-1 2001 Hallmark, M193, highly winter dormant clones (refer Plant Disease 64, 396–397; 

Crop Science 29, 833), Aquarius
1, 2, 3, 4, 5, 6, 7, 8, 9

–, Could not be ascertained from published descriptions.
A The number refers to the parental germplasm source: 1, M. falcata; 2, Ladak; 3, M. varia; 4, Turkistan; 5, Flemish; 6, Chilean; 7, Peruvian;

8, Indian; 9, African (refer Barnes et al. 1977).
B Year of first commercial use in Australia.
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Also, in the above period, Leach (1969, 1970) tested over
100 lines of diverse lucernes for persistence and productivity
at the Waite Research Institute in South Australia. No line
was found to consistently yield more than Hunter River, but
some erect lines from Mediterranean regions (in particular
Spain and Portugal) yielded more in winter. Hunter River
was also one of the most persistent lines, as were prostrate
lines from Spain and Portugal, whereas the erect
Mediterranean lines were poorly persistent. In further studies
in the upper south-east of South Australia, Leach (1971b)
found that Portuguese lines were initially superior to Hunter
River and suggested that the group be widely tested in order
to release them commercially. This did not occur, as the lines
were less persistent than Hunter River and their relative
production declined in the longer term.

Gramshaw (1978) reviewed the performance of genotype
evaluation in the central Queensland environment and
concluded that there was no production advantage over
Hunter River or Siro Peruvian from selected genotypes from
USA, South America, or the Mediterranean.

In summary, up to the mid 1970s, Hunter River was
clearly the dominant lucerne variety grown in Australia,
occupying >95% of the area sown. However, introductions of
winter-active lucernes of Peruvian and African origins had
shown yield increases over Hunter River, but were less
persistent.

Lucerne breeding efforts in Australia up to 1972

Hunter River was first certified in Australia in 1962–63
(Oram 1990) (Table 2), and around that time Du Puits and
African were also certified. These were direct introductions
without breeding, their potential value being established in
the trial work described above. Siro Peruvian and Paravivo
were selected directly from Hairy Peruvian and African,
respectively, and Demnat was an introduction of Algerian
origin. All of these lucernes were highly winter active, but
less persistent than Hunter River. 

It was clearly recognised by the 1960s that lucerne was
not particularly persistent when heavily grazed. Two
significant CSIRO breeding programs aimed to develop
rhizomatous and creeping rooted lucernes that were both
productive and persistent. The temperate program in
Canberra produced Cancreep from a diverse mixture of
dormant and creeping rooted material tracing to Rambler,
Hunter River, and Siro Peruvian (Oram 1990). Cancreep
showed potential in cooler environments where heritability
for persistence was high (Daday 1968) but was quite
unproductive in warmer and drier environments (Daday et al.
1968). The expression of creeping rootedness in the
Mediterranean climate of South Australia was low (Leach
1971a) and the cultivar was not sown widely. In the
subtropical environment of Queensland, the second breeding
program produced germplasm registered as Walkabout
(Oram 1990) that was never released commercially.

Persistence of this creeping rooted line was less than Hunter
River in its target area, the brigalow clay soils of southern
inland Queensland as, without a robust taproot, it seemed
more susceptible to drought, which is a feature of this
environment (Bray and Leach 1981).

During this period, emphasis was placed on productivity
and persistence as the main selection criteria, but without
attempts to identify underlying contributing factors. 

Identification of factors contributing to poor lucerne 
productivity and persistence in Australia (1970–77)

Rogers (1961) considered attributes desirable for lucerne
both under irrigation (hay production) and under dryland
grazing conditions. She identified high production at all
seasons of the year, resistance to grazing damage, and
persistence for at least 3–4 years as desirable characteristics.
At that time, the causes of the generally poor persistence of
lucerne through Australia were unknown.

During the 1970s, it became apparent that plant diseases
were major factors contributing to poor lucerne persistence
and productivity throughout eastern Australia. Phytophthora
root rot, caused by Phytophthora medicaginis, was found to
be a major cause of poor lucerne persistence and productivity,
particularly on clay soils, from Biloela in central Queensland
(Irwin 1977) to Deniliquin in south-western NSW (Rogers et
al. 1978). Hunter River was very susceptible, as were all of the
cultivars that had been released up to that time (Irwin 1974a).
The disease is always associated with wet soil conditions.
Another major disease that is widely distributed throughout
eastern Australia is anthracnose, caused by Colletotrichum
trifolii. This fungus is dispersed by raindrop splash, causing
stem lesions (anthracnose) which spread into the crown,
causing rapid plant death (Irwin 1974b). Again, all of the
material released in Australia up to 1972 was highly
susceptible to this disease, in particular the winter-active
cultivars Siro Peruvian, African, Paravivo, and Demnat
(Irwin 1974b). Hunter River is very susceptible to the stem
lesion phase of the disease, but is less susceptible to crown rot
than the above cultivars. It was discovered that Hunter River
possessed a small (<1%) proportion of plants with resistance
to both diseases, and recurrent selection within Hunter River
provided a substantial component of the base genetic material
for Trifecta (Bray and Irwin 1978; Irwin et al. 1980) and
Hunterfield (Oram 1990), both released in 1983. In 1977, the
spotted alfalfa aphid (SAA) and blue-green aphid (BGA)
appeared in Australia for the first time (Passlow 1977a,
1977b), followed by the pea aphid in 1979 (Rogers 1981).
Hunter River and all other cultivars used in Australia at that
time were highly susceptible to these aphids and commercial
lucerne stands throughout most parts of eastern Australia
were devastated by them. This presented a specific set of
objectives for lucerne breeding, with emphasis on disease and
pest resistance, and the potential to substantially increase
yield and persistence in the presence of these pests and



706 J. A. G. Irwin et al.

diseases. Prior to the initial aphid invasion in 1977, there had
been selection to improve the disease resistance of the two
main Australian cultivars, Hunter River and Siro Peruvian
(Bray and Irwin 1978; Rogers et al. 1978; Irwin et al. 1980)
and this provided a basis on which to develop multiple pest
resistant cultivars.

Breeding objectives post 1972

Lucerne cultivars bred in Australia, or bred elsewhere and
released in Australia, over the last 38 years are set out in
Table 2. The list includes public and Plant Breeders Rights
(PBR) protected cultivars. The first PBR lucerne cultivar
released in Australia was Quadrella in 1991, derived by
selection within Trifecta for resistance to Stemphylium leaf
spot (Bray and Irwin 1989). Since that time, all cultivars on
the list are PBR protected. Almost without exception, major
selection criteria used by breeders over this period have been
resistance to aphids, or the acute diseases caused by
Phytophthora or Colletotrichum, or all three. The first
cultivar to achieve at least moderate (>20% of plants) levels
of resistance to aphids, Phytophthora, and Colletotrichum
was Trifecta, which was released in 1983 (Oram 1990). It is
worth noting that in a variety with 20% of plants resistant to
either Phytophthora or Colletotrichum, and on the basis of
independent inheritance, only 4% of individual plants could
be expected to be resistant to both diseases. When more traits
are added, the percentage decreases geometrically.

The incorporation of resistance to Phytophthora,
Colletotrichum, and aphids into adapted genetic
backgrounds has lead to substantial yield increases in the
presence of these parasites. For example, Trifecta outyielded
Hunter River 3-fold over a 16-month period at Gatton
Research Station; Trifecta’s advantage over the aphid-
resistant, disease-susceptible cultivars, CUF 101 and Siriver,
was 19% and 24%, respectively, over the same period
(Clements et al. 1984). In the same trial, the Phytophthora-
resistant Hunter River selection and the Colletotrichum-
resistant Hunter River selection, which were used as
germplasm in the breeding of Trifecta, outyielded Hunter
River by 195% and 156%, respectively. In NSW, the cultivar.
Aquarius was released with a very high level of resistance to
Phytophthora (Williams and Young 1992), and two further
elite cultivars with resistance to the diseases and aphids,
Genesis and Venus (Y8622), have since been released from
that program (Williams 1998).

It is noteworthy that there is genetic variability in the dis-
ease reaction of lucerne lines to the chronic foliar pathogens
Leptosphaerulina trifolii, Pseudopeziza medicaginis, and
Cercospora medicaginis (Inch et al. 1993). These have not
been considered as major priorities in any breeding program.

The US bred cultivar CUF 101 (Lehman et al. 1983) has
been used extensively as a parent in Australian lucerne
breeding programs as a donor source of spotted and blue-

green aphid resistance (refer Table 2). In ongoing Australian
lucerne breeding programs, resistances to aphids,
Phytophthora, and Colletotrichum constitute major breeding
objectives, particularly for varieties being grown for hay
production under irrigation. It is this latter category upon
which most of the emphasis has been placed in lucerne
improvement in Australia. 

The creeping-rooted varieties Cancreep and Walkabout in
the Dormancy Class 5–6 have been bred with grazing
tolerance as a principal objective. These have been discussed
previously. Breeding for grazing tolerance has been a
priority between 1972 and 2000 in South Australia, with the
cultivars Wakefield and Sheffield being selected under
continuous grazing pressure from sheep, and possessing
high levels of aphid resistance (Oram 1990).

Performances of cultivars imported directly from the
USA and Australian-bred cultivars have been measured
under irrigated conditions at Gatton Research Station since
1977. Up to 1983, there was a substantial increase in the
general mean of the 3-year accumulated lucerne yields of
breeders’ lines and released cultivars, relative to that of
Hunter River and reaching a maximum of 167%. Since then,
it has remained static at around 130% indicating that there
has been little further improvement in yield potential for the
humid, subtropical environment (Lowe et al. 2000). Cultivars
in these evaluations included Trifecta, Sequel, Aurora,
Aquarius, Quadrella, Sequel HR, Sceptre, Eureka, Pioneer
L69, Hallmark, and UQL–1. All have been selected for
resistance to aphids, Phytophthora, and Colletotrichum, and
all will generally outyield Hunter River by up to 50% in this
environment. Similar results were obtained at all irrigated
sites in Queensland, NSW, and Victoria. These results prove
the effectiveness of selection for multiple disease and insect
resistance for developing high yielding lucerne for irrigated
environments.

Where possible, the germplasm sources, as identified by
Barnes et al. (1977), have been listed in Table 2. It is worth
noting that generally, M. falcata has not been widely used in
the breeding of widely grown Australian material, probably
due to the reduced need in Australia for varieties with
tolerance to freezing conditions. A recent exception is UQL–
1, which has 17% variegated flowers (Anon. 2000),
indicating substantial introgression of M. falcata genetic
material.

Performance of lucerne lines and germplasm in Australia 
since 1977

Rogers (1981) was evaluating a range of Phytophthora-
resistant cultivars from the USA and Australian selections at
Deniliquin, NSW, when aphids arrived in Australia. The
Australian cultivar Falkiner (based on Lahontan) and a
selection, C3 Composite (based on Siro Peruvian), were
high-yielding and highly resistant to Phytophthora, although
both suffered significant damage from aphids. Although
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neither cultivar had a major influence commercially, they
contributed substantially to future breeding programs.
Concurrently, selections were being made in Queensland for
both Phytophthora and Colletotrichum in Hunter River and
Siro Peruvian (Bray and Irwin 1978; Irwin et al.1980). These
also had no direct commercial impact but contributed to
future breeding programs, including Siriver (Oram 1990),
which is a high seed producer and which is used almost
exclusively for sprouting and for export to the Gulf States as
a uniform winter-active cultivar for hay production.

Following the devastation of stands of Hunter River by
lucerne aphids in 1977, State Departments of Agriculture
and commercial seed companies commenced evaluation of
cultivars from the USA to identify adapted and productive
germplasm. In these there was a range of resistance to the
lucerne aphids SAA and BGA (Lloyd et al. 1980a, 1980b;
Ridland and Berg 1981; Turner et al. 1981), with CUF 101,
an important progenitor of future lucerne cultivars (Table 2),
expressing high levels of resistance to both. This confirmed
the resistance of CUF 101 described by Nielson and Lehman
(1974) and Lehman et al. (1977) to Australian populations of
SAA and BGA. 

Generally, it was shown that there was a wide range in the
dry matter production of these imported cultivars under
Australian conditions. Winter-active cultivars produced
higher yields than semi-dormant and dormant cultivars but
were less persistent (in NSW, Rogers 1981; Lodge 1985,
1986; in Queensland, Gramshaw et al. 1985; Lloyd et al.
1985; Lowe et al. 1985a). The superior imported cultivars
became significant in commercial sowings before the release
of elite Australian-bred cultivars. 

In understanding the hitherto unknown basis for the
performance of these new lines in Queensland and NSW, it
was found that lucerne yield was correlated with winter
activity level and persistence. Persistence was directly
related to disease resistance and initial stand density (Lowe
et al. 1985a, 1987). It was established that different
defoliation systems were needed to manage cultivars from
different dormancy classes and these differed from those
previously utilised for Hunter River (Lowe et al. 1985b;
Lodge 1986; Gramshaw et al. 1993). Experimentation in
Queensland since 1993 has evaluated newly released
cultivars and breeding lines from the 3 Australian public
breeding programs and commercial companies. In earlier
evaluation trials conducted with irrigation, the production
and persistence of these lines varied widely, but since 1993,
most lines and cultivars showed little difference in yield or
persistence (Lloyd and Lowe 2000; Lowe et al. 2000). In
semi-arid environments where lucerne is less well adapted
and is used in mixed farming systems for grazing, the
production and persistence of commercial cultivars has been
exceeded by a number of breeder’s lines in evaluation trials
(Lloyd et al. 2001). There is clearly scope to release better
cultivars for these environments.

Future objectives in Australian lucerne breeding (2000 
onwards)

The choice of breeding objectives for lucerne is complex,
since the species has a number of uses, particularly growth
under dryland or irrigated conditions and use for hay or
grazing. Increasingly, grazing lucerne is being used in
conjunction with cereals for its capacity to increase soil
nitrogen levels, improve water retention properties of soil, to
reduce dryland salinity through lowering of the watertable,
and to limit the deep drainage of water from soil profiles into
river systems. The more widespread use of lucerne under
dryland conditions in the cropping zone calls for cultivars
with much wider adaptation than those currently available.
Two of the main types required by farmers are a lucerne for
short-term rotations that grows and fixes N more quickly
than current cultivars, and a long-term, more persistent
lucerne for sowing with grass. The third farmer requirement
is for bloat-safe lucernes, particularly where cattle are the
predominant grazing animals. 

Thus, attributes required for lucerne in the cropping zones
include ease of establishment, the capacity to utilise deep
subsoil moisture, drought tolerance, tolerance to acid soils,
and tolerance to high temperature and root damage from
cracking clay soils. Williams and Boschma (1996) have
identified plant morphological attributes that correlate with
long-term persistence. Where lucerne is being used for
broad-scale planting in the cropping areas, ease of seed
production is critical to the provision of low cost seed
supplies. Belloti et al. (1998) suggested that for lucerne to
better fulfil a role in the development of more sustainable
farming systems, there should be a shift in breeding
objectives. Until now, breeders have focused on disease and
pest resistance, herbage production, and persistence. Belloti
et al. (ibid.) suggest that there should be a shift to attributes
that enhance the ability of the lucerne plant to perform its
sustainability function (i.e. high water use, rapid root
elongation, waterlogging tolerance, tolerance of soil acidity,
and salt tolerance).

Naturally occurring genetic variation is known for some
of these traits. Tolerance to saline conditions at germination
and during forage growth has been reported (Rumbaugh and
Pendery 1990; Smith et al. 1994) as has tolerance to
continuous grazing (Smith and Bouton 1993), tolerance to
acid soil and aluminium toxicity (Dall’Agnol et al. 1996),
and tolerance to drought (Quiros and Bauchan 1988). The
challenge is to develop breeding technologies that will allow
recombination of the genetic factors conditioning these traits
and others, e.g. disease and pest resistance, forage quality,
and others, into new varieties with improved adaptation to
the environment.

It would appear that only a small component of the
lucerne (M. sativa complex) gene pool has been used in
Australian lucerne breeding efforts up to now and some
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genetic resources such as CUF 101 have been extensively
used. This has lead to a predominance of winter-active to
highly winter-active cultivars being released (see Oram
1990). Smith et al. (1995) conducted a detailed
morphological and agronomic examination in Arizona of
lucerne accessions collected from oases in the Middle East
and which up to then had not been extensively used in
lucerne breeding in North America. Some accessions were
very winter-active, with fast regrowth following cutting,
whereas others from low elevation oases in Yemen were very
sensitive to frost damage. Warburton and Smith (1993) also
further characterised diversity for agronomic traits in lucerne
from India and the Middle East. Vastly different responses
were obtained, with the western Indian material being the
least persistent, and the Arabian selections exhibited very
rapid regrowth after harvest.

Crown structure/morphology of Australian cultivars has
changed significantly with the inclusion of winter-active
germplasm into breeding programs. The cultivar Hunter
River is a semi-dormant cultivar with a low and densely
branched crown supporting fine stems and leaves. It had a
reputation as an excellent producer of high quality hay.
Almost all of the new Australian cultivars have lost these
morphological traits and have a higher, less branched crown
supporting fewer, larger stems with large leaves. Although
these cultivars usually make hay of acceptable quality, none
consistently made hay of as high quality as Hunter River
(Lowe et al. 1988). Commercial haymakers believe that there
should be a return to the ‘Hunter River’ crown morphology to
make Australian cultivars more suitable for hay production.

There is also a belief that a low and broad crown
morphology confers greater grazing tolerance. This is
probably true in intensive sheep grazing systems but is less
effective in cattle grazing systems, particularly in the
subtropics where biotic factors seem to be more important in
plant persistence. Lodge (1985) found that the persistence of
lucerne from different dormancy classes (and implied crown
morphologies) was similar when grazed leniently with sheep
in the subtropics. However, grazing management best
practice is required with sheep to achieve this outcome.

In the US, Johnson et al. (1998) showed that a wide contrast
existed in the root architecture of lucernes from the 8
recognised world germplasm sources. M. falcata and M. varia
(a hybrid of sativa × falcata) were characterised by having a
large number of lateral roots, and a substantial fibrous root
mass, in contrast to the non-dormant Indian and African
material with fewer lateral roots and a low fibrous root mass.
Through breeding, it is possible to break these linkages
between architecture and fall dormancy. The challenge is to
identify particular root phenotypes that best confer attributes
required in Australian lucernes. Drought resistance, and the
capacity to produce winter growth following moderate
rainfall events, are attributes that would be beneficial over
much of the Australian cropping belt. Drought resistance

might be best conferred through a deep taproot, whereas the
latter attribute could come from a plant with many shallow
lateral roots and an extensive fibrous root mass. Physical
blending of seed of cultivars possessing these different
characteristics is a viable option, since both attributes
described above would often be required at a single site. 

Climate matching procedures, as outlined by Smith et al.
(1994), should be adopted to identify geographic regions,
from which lucerne accessions could be obtained and
screened for the desired traits. It would appear that winter-
active material would have the greatest potential for further
expansion of lucerne in dryland farming systems. It is
currently thought that this material is better able to exploit the
stop–start pattern of rainfall and soil water availability
throughout the year. Winter activity is also a most useful trait
when lucerne is used in the dairy industry where the provision
of high quality forage in the cool season is of high priority.

Breeding methodologies, based on recurrent selection
and polycrossing to produce synthetic varieties, have
changed little over the last 50 years. Molecular marker
technology could improve lucerne breeding practices.
Difficulties associated with distinguishing genetically
diverse individuals to be used as parents have forced breeders
to include large numbers of clones in their synthetic cultivars
to minimise inbreeding and to conserve genetic variability
for other traits (Hill et al. 1988). Kidwell et al. (1994a,
1994b) used molecular markers to identify genetically
diverse parents for producing highly heterozygous and high-
yielding single-cross hybrid progenies. Although genetic and
cytoplasmic male sterility, and female sterility have been
identified in lucerne, large-scale production of hybrid seed
remains not economically viable (Viands et al. 1988).
Because of this, Kidwell et al. (1999) have commenced
assessing the application of molecular markers to identify
more than two genetically diverse individuals to produce
synthetic populations with a higher number of different
alleles and more heterozygosity than unselected populations,
using the maximum heterozygosity concept for alfalfa
breeding expounded by Bingham (1980). This approach is
likely to be most successful if the marker technology is
targeted to specific genomic regions influencing forage
yield. Such quantitative trait loci can be located through
mapping in populations segregating for desired traits
(Brouwer and Osborn 1999). Mapping in Australian-derived
material (clones from Trifecta and Sequel) is under way in
the Cooperative Research Centre for Tropical Plant
Protection using single dose restriction fragments employed
in constructing the map of Brouwer and Osborn (1999) (J. A.
G. Irwin and J. Musial, unpubl. data).

Genetic engineering lucerne for single-gene-controlled
traits such as disease and insect resistance, where naturally
occurring resistance in the M. sativa complex is not available
or only weakly expressed, also has application to lucerne
improvement in Australia. Resistance in the M. sativa
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complex to many of the fungal leaf spot pathogens is only
partial, and expression of novel resistances, such as the
antifungal peptides identified from Macadamia integrifolia
(Marcus et al. 1997), may provide new opportunities for
improving lucerne productivity through improving
resistance to chronic diseases.

In summary, future improvement programs in Australia
would be enhanced by greater exploitation of the M. sativa
complex germplasm pool to identify breeding material
possessing traits likely to increase the adaptation and
usefulness of lucerne to Australian agriculture. An analysis
of Australian-bred cultivars released over the last 20 years
indicates that there is considerable opportunity for
broadening the genetic base. M. falcata, although widely
exploited in North America, has not been extensively used in
Australia, even though Quiros and Morgan (1981) have
demonstrated its high inter- and intra-locus variability
compared with M. sativa. This is important in the light of the
results of Bingham (1980) and Bingham et al. (1994)
demonstrating that maximising heterozygosity in tetraploid
lucerne maximises yield. Molecular marker technology will
have an increasingly important role to play in the process of
maximising heterozygosity, particularly by selection for
chromosomal regions known to influence productivity traits
and against segments containing genes for poor adaptation to
Australian conditions. However, only a few cross-over events
occur in each set of homologous chromosomes in each
pollen and egg mother cell, and tetrasomic inheritance slows
down the recovery of the required recombinants. Therefore,
several generations of marker-assisted selection will be
required to fully exploit the opportunities created by
broadening the gene pool.

Acknowledgment

Mrs Pamela Chattin typed the manuscript. This assistance is
gratefully acknowledged.

References 

Ahlgren GH (1949) ‘Forage crops.’ (McGraw Hill Book Company:
New York)

Anon. (2000) UQL-1. (Eds T Hessain, N Hulse, K Prakash, H Costa, D
Waterhouse, B Dawes-Read, S Kingdom, B Blaxey). Plant Varieties
Journal 13, 41–42.

Arbi N, Smith D, Bingham ET, Soberalski RM (1978) Herbage yields
and levels of N and IVDDM from five alfalfa strains of different
ploidy levels. Agronomy Journal 71, 573–577.

Barnes DK, Bingham ET, Murphy RP, Hunt OJ, Beard DF, Skrdla WH,
Teuber LR (1977) Alfalfa germplasm in the United States: Genetic
vulnerability, use, improvement, and maintenance. USDA Technical
Bulletin 1571, US Government Printing Office, Washington DC.

Belloti W, Auricht GC, Williams R, Hill MJ (1998) The evolving role
of lucerne in Australia. In ‘Report of the Thirty-sixth North
American Alfalfa Conference, Bozeman, Montana’. (Eds J Bouton,
GR Bauchan) pp. 62. (North American Alfalfa Improvement
Conference: Bozeman, MT)

Bingham ET (1980) Maximising heterozygosity in autotetraploids. In
‘Polyploidy: Biological relevance’. (Ed. WH Lewis) pp. 471–498.
(Plenum Publishing Corporation: New York)

Bingham ET, Groose RW, Woodfield DR, Kidwell KK (1994)
Complementary gene interactions in alfalfa are greater in
autotetraploids than diploids. Crop Science 34, 823–829.

Bray RA, Irwin JAG (1978) Selection for resistance to Phytophthora
megasperma var. sojae in Hunter River lucerne. Australian Journal
of Experimental Agriculture and Animal Husbandry 18, 708–713.

Bray RA, Irwin JAG (1989) Recurrent selection for resistance to
Stemphylium vesicarium within the lucerne cultivars Trifecta
and Sequel. Australian Journal of Experimental Agriculture 29,
189–192.

Bray RA, Leach GJ (1981) Persistence of creeping-rooted lucerne
under grazing in subtropical Queensland. Australian Journal of
Experimental Agriculture and Animal Husbandry 21, 595–599.

Brouwer DJ, Duke SH, Osborn TC (2000) Mapping genetic factors
associated with winter hardiness, fall growth, and freezing injury in
autotetraploid alfalfa. Crop Science 40, 1387–1396. 

Brouwer DJ, Osborn TC (1997) Identification of RFLP markers linked
to the unifoliate leaf, cauliflower head mutation of alfalfa. Journal
of Heredity 88, 150–152.

Brouwer DJ, Osborn TC (1999) A molecular linkage map of tetraploid
alfalfa. Theoretical Applied Genetics 99, 1194–1200.

Brummer EC (1999) Capturing heterosis in forage crop cultivar
development. Crop Science 39, 943–954.

Brummer EC, Bouton JH, Kochert G (1993) Development of an RFLP
map in diploid alfalfa. Theoretical Applied Genetics 86, 329–332.

Brummer EC, Kochert G, Bouton JH (1991) RFLP variation in diploid
and tetraploid alfalfa. Theoretical Applied Genetics 83, 89–96.

Busbice TH (1969) Inbreeding in synthetic varieties. Crop Science 9,
601–604.

Cameron DG (1968) Lucerne as a pasture legume. Queensland
Agricultural Journal 94, 534–538.

Cameron DG (1973) Lucerne (Medicago sativa) as a pasture legume in
the Queensland subtropics. Journal of the Australian Institute of
Agricultural Science 39, 98–108.

Cameron DG, Mullaly JD (1972) The performance of lucerne
(Medicago sativa) lines in pure stands under irrigated and
raingrown conditions in sub-coastal Queensland. Australian
Journal of Experimental Agriculture and Animal Husbandry 12,
646–652.

Clements RJ, Turner JW, Irwin JAG, Langdon PW, Bray RA (1984)
Breeding disease resistant, aphid resistant lucerne for subtropical
Queensland. Australian Journal of Experimental Agriculture and
Animal Husbandry 24, 178–188.

Daday H (1965) Performance of lucerne varieties on the south coast of
New South Wales. Australian Journal of Experimental Agriculture
and Animal Husbandry 5, 44–45.

Daday H (1968) Heritability and genotypic and environmental
correlations of creeping root and persistency in Medicago sativa L.
Australian Journal of Agricultural Research 19, 27–34.

Daday H, Mottershead BE, Rogers VE (1961) Performance and
interactions in varieties of lucerne (Medicago sativa L.).
Australian Journal of Experimental Agriculture and Animal
Husbandry 1, 67–72.

Daday H, Peak JW, Launders T, Cameron DG, Campbell GB, Crawford
EJ, Ryan FE (1968) Seasonal growth of an Australian cultivar of
creeping-rooted lucerne (Medicago sativa). Australian Journal of
Experimental Agriculture and Animal Husbandry 8, 548–554.

Dall’Agnol M, Bouton JH, Parrott WA (1996) Screening methods to
develop alfalfa germplasms tolerant of acid, aluminium toxic soils.
Crop Science 36, 64–70.

Deak M, Kiss GB, Konez C, Dudits D (1986) Transformation of
Medicago by Agrobacterium mediated gene transfer. Plant Cell
Reports 5, 97–100.

Demarly Y (1972) Commentaires sur les aptitudes à la combination.
Annals Amélior Plant (Paris) 22, 187–200.



710 J. A. G. Irwin et al.

D’Hallium K, Botterman J, De Grief W (1990) Engineering of
herbicide-resistant alfalfa and evaluation under field conditions.
Crop Science 30, 866–871.

Dunbier MW, Bingham ET (1975) Maximum heterozygosity in alfalfa:
results using haploid-derived autotetraploids. Crop Science 15,
527–531.

Echt CS, Kidwell KK, Knapp SJ, Osborn TC, McCoy TJ (1994)
Linkage mapping in diploid alfalfa (Medicago sativa). Genome 37,
61–71.

Fairey DT, Lafkovitch LF, Fairey NA (1996) The relationship between
fall dormancy and germplasm source in north American alfalfa
cultivars. Canadian Journal of Plant Science 76, 429–433.

Fletcher DS (1970) Lucerne variety trial Hermitage Research Station.
Progress Report WRK P57 AB, Queensland Department of Primary
Industries, Agriculture Branch 1970.

Gillies CB (1972) Pachytene chromosomes of perennial species. 11.
Species closely related to Medicago sativa. Journal of Heredity
72, 277–288.

Gramshaw D (1978) A review of research on establishment, persistence
and productivity of lucerne (Medicago sativa L.) at Biloela from
1950 to 1975. Agriculture Branch Technical Report No. 20,
Department of Primary Industries, Brisbane.

Gramshaw D, Langdon PW, Lowe KF, Lloyd DL (1985) Performance of
North American and Australian lucernes in the Queensland
subtropics. 1. Field reaction to important root and crown diseases.
Australian Journal of Experimental Agriculture and Animal
Husbandry 25, 76–81.

Gramshaw D, Lowe KF, Lloyd DL (1993) Effect of cutting interval and
winter dormancy on yield, persistence, nitrogen concentration and
root reserves of irrigated lucerne in the Queensland subtropics.
Australian Journal of Experimental Agriculture 33, 847–854.

Groose RW, Kojis WP, Bingham ET (1988) Combining ability
differences between isogenic diploid and tetraploid alfalfa. Crop
Science 28, 7–10.

Groose RW, Talbert LE, Kojis WP, Bingham ET (1989) Progressive
heterosis in autotetraploid alfalfa: Studies using two types of
inbreds. Crop Science 29, 1173–1177.

Havey MJ, Irwin JAG, Maxwell DP (1989) Registration of WAPRS-4
alfalfa germplasm resistant to Phytophthora root rot. Crop Science
29, 833.

Havey MJ, Maxwell DP, Irwin JAG (1987) Independent inheritance of
genes conditioning resistance to Phytophthora megasperma from
diploid and tetraploid alfalfa. Crop Science 27, 873–879.

Hendry GW (1923) Alfalfa in history. Journal American Society of
Agronomy 15, 171–176.

Hill KK, Jarvis-Egan N, Halk EL, Krahn KJ, Liao LW, Mathewson RS,
Merlo DJ, Nelson SE, Rashka KE, Loesch-Fries LS (1991) The
development of virus-resistant alfalfa. Bio/Technology 9, 373–377.

Hill MJ (1996) Potential adaptation zones for temperate pasture
species as constrained by climate: a knowledge-based logical
modelling approach. Australian Journal Agricultural Research
47, 1095–1117.

Hill RR, Shenk JS, Barnes RF (1988) Breeding for yield and quality. In
‘Alfalfa and alfalfa improvement’. (Eds AA Hanson, DK Barnes,
RR Hill). Agronomy 29, 809–826.

Inch MJ, Irwin JAG, Bray RA (1993) Seasonal variation in lucerne
foliar diseases and cultivar reaction to leaf spot pathogens in the
field in southern Queensland. Australian Journal of Experimental
Agriculture 33, 343–348.

Irwin JAG (1974a) Reaction of lucerne cultivars to Phytophthora
megasperma, the cause of root rot in Queensland. Australian
Journal of Experimental Agriculture and Animal Husbandry 14,
561–565.

Irwin JAG (1974b) Crown rot of lucerne in Queensland caused by
Colletotrichum trifolii. Australian Journal of Experimental
Agriculture and Animal Husbandry 14, 197–200.

Irwin JAG (1977) Factors contributing to poor persistence of lucerne in
southern Queensland. Australian Journal of Experimental
Agriculture and Animal Husbandry 17, 998–1003.

Irwin JAG, Lloyd DL, Bray RA, Langdon PW (1980) Selection for
resistance to Colletotrichum trifolii in the lucernes Hunter River and
Siro Peruvian. Australian Journal of Experimental Agriculture and
Animal Husbandry 20, 447–451.

Irwin JAG, Maxwell DP, Bingham ET (1981a) Inheritance of resistance
to Phytophthora megasperma in diploid alfalfa. Crop Science 21,
271–276.

Irwin JAG, Maxwell DP, Bingham ET (1981b) Inheritance of resistance
to Phytophthora megasperma in tetraploid alfalfa. Crop Science 21,
277–283.

Ivanov AI (1977) History, origin and evolution of the genus
Medicago, subgenus Falcago. Bulletin Applied Genetics and
Selection 59, 3–40.

Johnson LD, Marquez-Ortiz JJ, Lamb JFS, Barnes DK (1998) Root
morphology of alfalfa plant introductions and cultivars. Crop
Science 38, 497–502.

Kidwell KK, Austin DF, Osborn TC (1994c) RFLP evaluation of nine
Medicago accessions representing the original germplasm sources
for North American alfalfa cultivars. Crop Science 34, 230–236.

Kidwell KK, Bingham ET, Woodfield DR, Osborn TC (1994a)
Relationships among genetic distance, forage yield and
heterozygosity of isogenic diploid and tetraploid alfalfa
populations. Theoretical and Applied Genetics 89, 323–328.

Kidwell KK, Hartweek LM, Yandell BS, Crump PM, Bremmer JE,
Montray J, Osborn TC (1999) Forage yields of alfalfa populations
derived from parents selected on the basis of molecular marker
diversity. Crop Science 39, 223–227.

Kidwell KK, Woodfield DR, Bingham ET, Osborn TC (1994b)
Molecular marker diversity and yield of isogenic 2x and 4x single
crosses of alfalfa. Crop Science 34, 784–788.

Kiss GB, Csanádi G, Kálmán K, Kaló P, Ökrész L (1993) Construction
of a basic genetic map for alfalfa using RFLP, RAPD, isozyme, and
morphological markers. Molecular General Genetics 238, 129–137.

Kiss GB, Kaló P, Felfoldi K, Kiss P, Endre G (1997) Genetic linkage
map of alfalfa (Medicago sativa) and its use to map seed protein
genes as well as genes involved in leaf morphogenesis and soil
nitrogen fixation. In ‘Biological fixation of nitrogen for ecology and
sustainable agriculture’. NATO ASI series G, Ecol Sci Edn, vol 39.
pp. 279–283. (Springer: New York) 

Klinkowski M (1933) Lucerne: Its ecological position and distribution
in the world. Imperial Bureau of Plant Genetics: Herbage Plants,
Bulletin 12, Aberystwyth, Wales.

Launders TE (1970) Production and persistence of six lucerne cultivars
at Narrabri, New South Wales. Australian Journal of Experimental
Agriculture and Animal Husbandry 10, 745–748.

Leach GJ (1969) The survival in South Australia of Hunter River,
African and creeping lucernes after extended periods of grazing.
Australian Journal of Experimental Agriculture and Animal
Husbandry 9, 517–520.

Leach GJ (1970) An evaluation of lucerne lines at the Waite
Agricultural Research Institute, South Australia. Australian Journal
of Experimental Agriculture and Animal Husbandry 10, 53–61.

Leach GJ (1971a) Expression of creeping-rooted habit in Cancreep
lucerne in South Australia in relation to plant vigour and summer
cutting frequency. Australian Journal of Experimental Agriculture
and Animal Husbandry 11, 26–28.



Lucerne biology and genetic improvement 711

Leach GJ (1971b) The yield and survival of lucerne lines in the upper
south-east of South Australia. Australian Journal of Experimental
Agriculture and Animal Husbandry 11, 186–193.

Lehman WF, Nielson MW, Marble VL, Stanford EH (1977) CUF 101,
a new variety of alfalfa is resistant to the blue alfalfa aphid.
California Agriculture 31, 4–5. 

Lehman WF, Nielson MW, Marble VL, Stanford EH (1983)
Registration of CUF 101 alfalfa. Crop Science 23, 398.

Lesins K (1970) Alfalfa, lucerne, Medicago sativa (Leguminosae –
Papilionatae) In ‘Evolution of crop plants’. (Ed. NW Simmonds)
pp. 165–168. (Longman Group: London)

Lesins K, Gillies CG (1972) Taxonomy and cytogenetics of Medicago.
In ‘Alfalfa science and technology’. (Ed. CH Hanson). Agronomy
15, 53–86.

Lesins K, Lesins I (1979) ‘Genus Medicago (Leguminasae). A
taxogenetic study.’ (Junk: The Hague)

Lloyd DL, Gramshaw D, Hilder TB, Ludke DH, Turner JW (1985)
Performance of North American and Australian lucernes in the
Queensland subtropics. 3. Yield, plant survival and aphid
populations in raingrown stands. Australian Journal of
Experimental Agriculture and Animal Husbandry 25, 91–99.

Lloyd DL, Johnson B, Teasdale KC, O’Brien SM (2001) Lucerne for
dryland farming systems in the subtropics. ‘10th Australian
Agronomy Conference, 28 January–1 February 2001, Hobart
Tasmania’. (Eds N Mendham, P Lane, D Donaghy) Section: Poster
Sessions—‘Cultivar and species comparisons—pastures’.

Lloyd DL, Lowe KF (2000) Progress in lucerne cultivar development
for subtropical Australia. Report of the Thirty-seventh North
American Alfalfa Conference, Madison, WI. July 2000 (Eds
M Phillips and T Terrill) p. 312.

Lloyd DL, Turner JW, Hilder TB (1980a) Effects of aphids on seedling
growth of lucerne lines 1. Blue-green aphid in field conditions
(Acyrthosiphon kondoi Shinji). Australian Journal of Experimental
Agriculture and Animal Husbandry 20, 72–76.

Lloyd DL, Turner JW, Hilder TB (1980b) Effects of aphids on seedling
growth of lucerne lines 1. Spotted alfalfa aphid (Therioaphis trifolii
f. maculata (Monell)) in field conditions. Australian Journal of
Experimental Agriculture and Animal Husbandry 20, 452–456.

Lodge GM (1985) Effects of grazing and hay cutting on the yield and
persistence of dryland aphid-resistant lucerne cultivars at
Tamworth, NSW. Australian Journal of Experimental Agriculture
and Animal Husbandry 25, 138–148.

Lodge GM (1986) Yield and persistence of irrigated lucernes, cut at
different frequencies, at Tamworth, New South Wales. Australian
Journal of Experimental Agriculture and Animal Husbandry
26,165–172.

Lowe KF, Bartholomew BL, Bowdler TM (1988) Hay production of
lucerne cultivars in the Lockyer Valley, South-east Queensland.
Tropical Grasslands 2, 184–189.

Lowe KF, Bowdler TM, Lowe SA (2000) Plant breeding influences the
performance of temperate pasture species in the subtropics. In ‘9th
Animal Science Congress, Asian–Australasian Association of
Animal Production Society 23rd Biennial Conference, Australian
Society of Animal Production’. Asian–Australasian Journal of
Animal Sciences 13, Supplement (July 2000) A, 552–555.

Lowe KF, Bowdler TM, Schrodter GN (1985b) Effect of cutting
height on lucerne (Medicago sativa) cultivars. Tropical Grasslands
19, 24–28.

Lowe KF, Gramshaw D, Bowdler TM, Clem RL, Collyer BG (1987)
Yield, persistence and field disease assessment of lucerne cultivars
and lines under irrigation in the Queensland subtropics. Tropical
Grasslands 21, 168–181.

Lowe KF, Gramshaw D, Bowdler TM, Ludke DH (1985a) Performance
of North American and Australian lucernes in the Queensland

subtropics. 2. Yield and plant survival in irrigated stands. Australian
Journal of Experimental Agriculture and Animal Husbandry 25,
82–90.

Mackie JM, Irwin JAG (1998a) The proportion of individual plants
resistant to Phytophthora medicaginis and Colletotrichum trifolii in
Australian cultivars. Australian Journal of Experimental
Agriculture 49, 713–722.

Mackie JM, Irwin JAG (1998b) Genetics and race variability of the
lucerne Colletotrichum trifolii pathosystem in Australia. Australian
Journal of Agricultural Research 49, 713–722.

Majak W, Hall JW, McCaughey WP (1995) Pasture management
strategies for reducing the risk of bloat in cattle. Journal of Animal
Science 73, 1493–1498.

Marcus JP, Goulter KC, Green JL, Harrison SJ, Manners JM (1997)
Purification, characterisation and cDNA cloning of a novel
antimicrobial peptide from Macadamia integrifolia. European
Journal of Biochemistry 244, 743–749.

McMaster GS, Walker MH (1970) A brief history of lucerne and its
present distribution in New South Wales. Bulletin p. 407. New
South Wales Department of Agriculture, Division of Plant Industry.

Michaud R, Lehman WF, Rumbaugh MD (1988) World distribution
and development. In ‘Alfalfa and alfalfa improvement’. (Eds AA
Hanson, DK Barnes, RR Hill) American Society of Agronomy,
Madison, Wisconsin, USA. Agronomy 29, 26–82.

Nielson MW, Lehman WF (1974) Multiple aphid resistance in CUF–
101 alfalfa. Journal of Economic Entomology 70,13–14.

Oram RN (1990) ‘Register of Australian herbage plant cultivars.’ 3rd
edn. (CSIRO: Melbourne)

Passlow T (1977a). The spotted alfalfa aphid, a new pest of lucerne.
Queensland Agricultural Journal 103, 329–330.

Passlow T (1977b). The blue-green aphid—a further new pest of
lucerne. Queensland Agricultural Journal 103, 403–404.

Pearson CJ, Brown R, Collins WJ, Archer KA, Wood MS, Petersen C,
Boothe B (1997) An Australian temperate pastures database.
Australian Journal of Agricultural Research 48, 453–465.

Quiros CF (1982) Tetrasomic segregation for multiple alleles in alfalfa.
Genetics 101, 117–127.

Quiros CF (1983) Alfalfa, lucerne (Medicago sativa L.). In ‘Isozymes
in plant genetics and breeding, Part B’. (Eds SD Tanksley, TJ Arton)
pp. 253–294. (Elsevier Scientific Publishing Company:
Amsterdam)

Quiros CF, Bauchan GR (1988) The genus Medicago and the origin of
the Medicago sativa complex. In ‘Alfalfa and alfalfa improvement’.
(Eds AA Hanson, DK Barnes, RR Hill) Agronomy 29, 93–121.

Quiros CF, Morgan K (1981) Peroxidase and leucine-aminopeptidase in
diploid Medicago species closely related to alfalfa: Multiple gene
loci, multiple allelism and linkage. Theoretical and Applied
Genetics 50, 221–228.

Reich TJ, Iyer VN, Haffner M, Holbrook LA, Miki BB (1986) The use
of fluorescent dyes in the microinjection of alfalfa protoplasts.
Canadian Journal of Botany 64, 1259–1267.

Reid CSW, Clarke RTJ, Cockerm RRM, Jones WT, McIntosh JT,
Wright DE (1975) In ‘Digestion and metabolism in the ruminant’.
(Eds IW McDonald, ACI Warner) pp. 524–536. (University of New
England Publishing Unit: Armidale, NSW)

Ridland PM, Berg GN (1981) Seedling resistance to spotted alfalfa
aphid of lucerne and annual medic species in Victoria. Australian
Journal of Experimental Agriculture and Animal Husbandry 21,
59–62.

Rogers VE (1961) Lucerne variety trials at Deniliquin, N.S.W.
Australian Journal of Experimental Agriculture and Animal
Husbandry 1, 60–66.

Rogers VE (1967) Adaptability of lucerne to soil and climate. In ‘The
Lucerne Crop’. (Ed. RHM Langer) pp. 36–46. (Reed: New Zealand)



712 J. A. G. Irwin et al.

http://www.publish.csiro.au/journals/ajar

Rogers VE (1981) Comparison of lucernes when grown on a heavy clay
soil infected by Phytophthora, and their response to attack by the
spotted alfalfa aphid (Therioaphis trifolii f. maculata). Australian
Journal of Experimental Agriculture and Animal Husbandry 21,
63–67.

Rogers VE, Irwin JAG, Stovold G (1978) The development of lucerne
with resistance to root rot in poorly aerated soils. Australian Journal
Experimental of Agriculture and Animal Husbandry 18, 434–441.

Rumbaugh MD, Pendery (1990) Germination salt resistance of alfalfa
(Medicago sativa L.) germplasm in relation to sub-species and
centres of diversity. Plant Soil 124, 47–51.

Sledge MK, Bouton JH, Tamulonis J, Kochert G, Parrot WQ (1996)
Aluminium tolerance QTLs in diploid alfalfa. In ‘Report 35th North
American Alfalfa Improvement Conference’. Oklahoma City,
Oklahoma. p. 36. (NAAIC: Beltsville, MD)

Smith SE, Bouton JH (1993) Selection within alfalfa cultivars
for persistence under continuous stocking. Crop Science 33,
1321–1328.

Smith SE, Guarino L, Al-Doss A, Conta DM (1995) Morphological and
agronomic affinities among middle-eastern alfalfas — accessions
from Oman and Yemen. Crop Science 35, 1188–1194.

Smith SE, Johnson DW, Conta DM, Hotchkiss JR (1994) Using
climatological, geographical and taxonomic information to identify
sources of mature-plant salt tolerance in alfalfa. Crop Science 34,
690–694.

Stanford EH (1951) Tetrasomic inheritance in alfalfa. Agronomy
Journal 43, 222–225.

Tanksley SD, Young ND, Paterson AH, Bonierbale MW (1989) RFLP
mapping in plant breeding: new tools for an old science.
Biotechnology 7, 257–264.

Tanner GJ, Joseph RG, Li YG, Stoutjesdijk P, Larkin PJ (1997) Towards
bloat - safe pastures. Feedmix 5, 18–21.

Tavoletti S, Veronesi F, Osborn TC (1996) RFLP linkage map of an
alfalfa meiotic mutant based on an F1 population. Journal of
Heredity 87, 167–170.

Thomas JC, Wasmann CC, Echt C, Dunn RL, Bohnert HJ, McCoy TJ
(1994) Introduction and expression of an insect proteinase inhibitor
in alfalfa (Medicago sativa L.). Plant Cell Reports 14, 31–36.

Trieu AT, Burleigh SH, Kardailsky IV, Maldonado-Mendoza IE, Versaw
WK, Baylock LA, Shin H, Chiou TJ, Katagi H, Dewbre GR, Weigel
D, Harrison MJ (2000) Transformation of Medicago truncatula via
infiltration of seedlings on flowering plants with Agrobacterium.
The Plant Journal 22, 531–541.

Turner JW, Lloyd DL, Hilder TB (1981) Effects of aphids on seedling
growth of lucerne lines 3. Blue green aphid and spotted alfalfa
aphid: a glasshouse study. Australian Journal of Experimental
Agriculture and Animal Husbandry 21, 227–230.

Tysdal HM, Kiesselbach TA, Westover HL (1942) Alfalfa breeding.
Nebraska Agricultural Experiment Station Research Bulletin 124.

Viands DR, Sun P, Barnes DK (1988) Pollination control: Mechanical
and sterility. In ‘Alfalfa and alfalfa improvement’. (Eds AA Hanson,
DK Barnes, RR Hill). Agronomy 29, 931–960.

Vorsa N, Bingham ET (1979) Cytology of 2n pollen formation in
diploid alfalfa, Medicago sativa. Canadian Journal Genetics
Cytology 21, 525–530.

Warburton ML, Smith SE (1993) Regional diversity in non-dormant
alfalfas from India and the middle-east. Crop Science 33, 852–858.

Weston EJ, Harbison J, Rosenthal KM, McCafferty MA, Keleher VM
(1984) Potential distribution of major commercial crop, grass and
legume species in Queensland. Queensland Department of Primary
Industries Land Resource Bulletin QV84001, Brisbane.

Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV (1990)
DNA polymorphisms amplified by arbitrary primers are useful as
genetic markers. Nucleic Acids Research 18, 6531–6535.

Williams RW (1998) Breeding better lucernes for the cropping zone of
eastern Australia. In ‘Proceedings of the 9th Australian Agronomy
Conference’.

Williams RW, Boschma SP (1996) Identifying persistent lucernes for
dryland pastures. In ‘Proceedings of the 8th Australian Agronomy
Conference’. Toowoomba, Queensland. pp. 586–589. (Australian
Society of Agronomy: Carlton, Victoria)

Williams RW, Young RR (1992) Lucerne improvement in New South
Wales, Australia. In ‘Report of the Thirty-third North American
Alfalfa Improvement Conference’. North Atlanta, Georgia, p. 43.
(NAAIC: Betsville, MD)

Williams W (1950) Experiments on the yield of lucerne strains as pure
plots and on the behaviour of lucerne when sown in mixture with
various species of grasses. Journal of the British Grasslands Society
2, 113–129.

Wu KK, Burnquist W, Sorrells ME, Tew TL, Moore PH, Tanksley SD
(1992) The detection and estimation of linkage in polyploids using
single-dose restriction fragments. Theoretical Applied Genetics 83,
294–300.

Yu KF, Pauls KP (1993) Segregation of random amplified polymorphic
DNA markers and strategies for molecular mapping in tetraploid
alfalfa. Genome 36, 844–851.

Manuscript received 14 December 2000, accepted 22 February 2001


