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PREAMBLE

This document describes the biology of Lupinus L., with particular reference to the Australian
environment, cultivation and use. Information included relates to the taxonomy and origins of
cultivated Lupinus species, general descriptions of their morphology, reproductive biology,
biochemistry, and biotic and abiotic interactions. This document also addresses the potential
for gene transfer to closely related species. The purpose of this document is to provide
baseline information about the parent organism for use in risk assessments of genetically
modified (GM) Lupinus species that may be released into the Australian environment.

Lupinus is a diverse genus in the legume family. This genus contains both annual and
perennial species, mostly herbaceous, but some shrubby and tree types also exist.

Lupins have a long history of being used both as ornamental plants in gardens and as an
agricultural crop. Four lupin species, L. angustifolius, L. albus, L. luteus and L. mutabilis,
have gained agricultural importance. Australia is the largest lupin grain producer in the world
and L. angustifolius is the dominant lupin species for lupin production in Australia. It is used
mainly as animal feed, and to a lesser extent, for human consumption in some European and
South American countries. Lupin seeds are currently receiving increasing international
interest as an alternative source of human food ingredients due to its high quality protein and
dietary fibre.

SECTION 1 TAXONOMY

Lupinus is a large and diverse genus in the legume family (Fabaceae). Its common name used
in Europe and Australia is lupin for both native and domesticated species, while the common
name for native Lupinus in North America is lupine (Information portal for lupins 2010a).
Taxonomically, lupins are classified within order Fabales, family Fabaceae, tribe Genisteae
and genus Lupinus L. (Clements et al. 2005a). The number of species in this genus is not well
defined and it was thought to be over 1000 (Kurlovich et al. 2002b). However, the commonly
agreed number of the existing lupin species is around 280 (Eastwood et al. 2008). At present,
the number of accepted Lupinus species recorded in the Integrated Taxonomic Information
System (http://www.itis.gov) is 164.

The Lupinus genus contains both annual and perennial herbaceous species, and some shrubby
and tree types (Ainouche & Bayer 1999). Its rich diversity of species has also been grouped
into Mediterranean and North African ‘Old World’ species and American ‘New World’
species, covering a wide climate range.

The number of Old World species is limited, represented by only 12 annual species. These
have been divided into two distinct groups, Malacospermae and Scabrispermae, primarily
based on seed coat texture: the smooth-seeded and the rough-seeded species, respectively
(Gladstones 1984). The Malacospermae group consists of five smooth-seeded species:

L. angustifolius, L. albus, L. luteus, L. hispanicus and L. micranthus, and they are distributed
around the Mediterranean and exhibit variable chromosome numbers ranging from 2n = 40 to
52 (Naganowska et al. 2003; Wink et al. 1999). The Scabrispermae group comprises seven
rough-seeded species: L. pilosus, L. cosentinii, L. digitatus, L. princei, L. palaestinus,

L. atlanticus and L. somaliensis. These species are mainly distributed in North Africa and in
the Eastern part of the Mediterranean region with chromosome numbers ranging from 2n = 32
to 42 (Naganowska et al. 2003; Wink et al. 1999).
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The New World Lupinus is taxonomically difficult with species poorly defined. It has been
proposed that there are about 500 taxa in the New World with over 1700 species names
suggested (Dunn 1984). More recent evidence suggests that the New World lupins may be
treated as a broadly defined polymorphic species (Ainouche & Bayer 1999). The base
chromosomal number suggested for this group is x = 6 and they are regarded as
paleopolyploids' that behave as diploids (Dunn 1984). Most of the New World species
cytologically investigated, including L. mutabilis, display a common chromosome number of
2n = 48 with some occasional individuals having 2n = 36 and 96 (Ainouche & Bayer 1999;
Camillo et al. 2006).

SECTION 2 ORIGIN AND CULTIVATION
2.1 Centre of diversity and domestication

Lupin serves as a fodder and food crop, as well as an ornamental plant. Some species have
been bred to enhance their ornamental value, while others have been a traditional food in the
Mediterranean region and the Andean highlands in South America. In Australia, a modern
farming system based on wheat:lupin rotation has been in place for over 40 years (DAFWA
2010).

This diverse genus exists in both the Eastern and Western Hemispheres. The centre of origin
for this genus has not been determined and three different centres of origin have been
proposed that include the Mediterranean, North America and South America (Hondelmann
1984; Kurlovich et al. 2002b). Molecular evolution studies suggest that the centre of origin is
the Mediterranean and northern and eastern African region for the Old World species, and two
lineages lead to the New World species in North America and South America, respectively
(Wink et al. 1999; Wolko et al. 2011).

Approximately 90% of the recognised lupin species are distributed in temperate and
subtropical zones of North and South America, ranging from Washington State of the USA to
southern Argentina and Chile. The remaining species are distributed in the Mediterranean
region and Africa, with some populations extending to highland and mountain regions of
tropical East Africa and the subarctic climate of Alaska and Iceland (Gladstones 1998; Wolko
et al. 2011). The geographical distribution of the major lupin species is shown in Appendix 1.

Lupins have an ancient history in agriculture that traces back more than 4000 years
(Kurlovich 2002). Domestication occurred first in the Mediterranean region and the American
continent, but the real breakthrough that made lupin a modern agricultural crop occurred in
Europe and Australia. The history of lupin domestication may be outlined as follows
(Clements et al. 2005a; Kurlovich 2002):

e Before 2000 BC. Primary domestication of L. albus in ancient Greece and Egypt to
produce grain for human and animal consumption, as well as for cosmetics and
medicine

e 1000-800 BC. Utilization of L. albus as green manure in ancient Rome and,
subsequently, in other Mediterranean countries

" A paleopolyploid is a eukaryote in which ancient genome duplications have occurred. As a general consensus,
many of the flowering plants are paleopolyploids (Blanc & Wolfe 2004).
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e 700-600 BC. Primary domestication of Andean pearl lupin (L. mutabilis) on the
American continent

e 1860s. Domestication of L. luteus and L. angustifolius for green manure production in
Baltic countries and afterwards in Germany

e 1927-1928. Methods for selecting low alkaloid lupin mutants developed in Germany

e 1930s-1970s. Sweet lupin varieties with permeable seeds were developed from
L. luteus, L. albus, L. angustifolius and L. mutabilis in Germany, Sweden and Russia

e 1980s-1990s. Fully domesticated L. cosentinii and further domestication of other
potential lupin species (L. atlanticus and L. pilosus and L. polyphyllus Lindl.) in
Australia and Russia.

In their wild state, lupins have ‘hard’ (water impermeable) seeds, shattering pods and high
level of alkaloids that makes lupin seeds toxic for human and animal consumption. The
breakthrough in selecting natural mutants in L. /uteus with low alkaloids (sweet type) by Von
Sengbusch in Germany in 1927/1928, after the development of a quick method for detecting
alkaloids, opened a new era in modern lupin breeding (Hondelmann 1984). Modern lupin
breeding has focused on developing lupin species/varieties which produce seeds that are
sweet and water-permeable, and non-shattering pods to facilitate mechanical harvest.

Domesticated lupin species have been grown as a cultivated crop in many countries on five
continents. Most of the agriculturally important species are the Old World species due to their
larger seed size and well-formed embryo. The Mediterranean lupin forms are characterized by
a sympodial type of branching (tending to have lateral growth) and are mainly self-pollinated
(Kurlovich 2002). Among them, smooth-seeded L. angustifolius, L. albus and L. luteus have
been widely included in agricultural practice in many countries including Australia. In
addition, rough-seeded L. cosentinii Guss. has been domesticated in WA (Cowling &
Gladstones 2000). Some developmental work on L. atlanticus and L. pilosus has been done in
Australia to suit production on calcareous (alkaline) soils (Brand et al. 2002; Buirchell &
Cowling 1992; Miao et al. 2001).

The New World lupins are less specialized than the Old World ones. They are generally
characterized by a more primitive monopodial type of branching (tending to grow upward
from a single point to form a single stem) and by the cross-pollination habit (Kurlovich 2002).
Their seeds are small with differentiated embryo and generally have little endosperm, making
them unattractive for grain production. Among the New World species, only L. mutabilis
(pearl lupin) is domesticated and cultivated as a food crop throughout the Andes (Eastwood &
Hughes 2008). Another species L. polyphyllus (Washington lupin) is present in many
countries as a weed and the effort to turn it into a domesticated fodder crop is still on-going
(Kurlovich et al. 2008).

2.2 Commercial uses

Lupins are valuable not only as garden ornamentals, but also as an agricultural crop with
increasing importance for various agricultural and aquacultural uses. Many varieties and
hybrids of lupins, such as Russell lupin (L. polyphyllus) and Rainbow lupin (L. regalis), have
long been used as garden flowers due to the variety of colours and showy nature of the tall
flower spikes.

Like other members in the legume family, lupins fix atmospheric nitrogen through rhizobium-
root nodule symbiosis and convert it to a usable form that improves soil quality. Therefore,
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they are tolerant to infertile soils and have long been incorporated in agricultural practice as
green manure and in rotation with other crops. For instance, the wheat:lupin rotation has been
used as a crop production system in Western Australia (WA) for over 40 years and sustained
wheat yields are directly dependent on the rotational benefits of lupins (DAFWA 2010). In
addition, lupin stubble residues are a very nutritious livestock fodder for grazing.

However, the commercial value of lupins comes mainly from the lupin seed. The majority of
the world’s lupins are used for stockfeed. Ruminants (such as cattle and sheep) are the biggest
animal consumer group followed by pigs and poultry (Information portal for lupins 2010c).
Lupins are often used as a substitute for high-protein soybean meal in livestock feeds. The
low levels of starch and high levels of fermentable carbohydrate make lupins a desirable feed
for ruminants. Australia, Europe and Japan use sweet lupins in dairy production. In Australia,
the largest utilisation of lupins is whole grain feeding to sheep, to supplement low grade
roughage diets (Lawrance 2007). The hull of lupins is a readily digestible fibre for ruminants,
while the lupin kernel can be used directly as monogastric feeds.

There is increasing demand for lupin grain in aquaculture due to the superior digestibility of
lupin proteins (Glencross 2005; Glencross 2001). The aquaculture industry uses lupin seed
and kernel meal as a feed to replace high protein fish meal. Salmonid and prawn are the two
key aquaculture feed markets and lupin kernel meal is used widely in feed formulations. Up to
40% of lupin can be included in the fish meal for rainbow trout without palatability and
growth problems (Glencross 2008).

Lupins also have a long history of being consumed by humans in the Mediterranean and
Andean regions (Petterson 1998). However, less than 4% of global lupin production is used as
human food (Lawrance 2007). Lupin seeds possess many nutritional and food processing
qualities, making them an attractive alternative to dry beans and soybeans. Foods derived
from lupins are commercially manufactured in Europe, North America and Australia. These
include lupin kernel flour based products such as bread, pasta, milk, tofu, tempe, miso, soy
sauce and snack foods. Also lupin hull is used as dietary fibre products or fibre additive to
bread (Information portal for lupins 2010d; Petterson 1998).

Australia is currently the biggest lupin supplier in the world. An averaged 41% of annual
Australian lupin production was exported during the five years to 2005-06. Over this period,
exports averaged around 430,000 tonnes, with a value of nearly $100 million, a year
(Lawrance 2007). This accounts for around 2% of the total value and volume of Australian
exports of grains and oilseeds. In 2007, the main destinations for Australia’s lupin exports
were the South Korea, European Union, Japan and Chinese Taipei with each export
destination taking around 50, 27, 12 and 3%, respectively (Lawrance 2007). A recent figure
shows that South Korea, Japan, Netherland, Malaysia and Germany were the top five Western
Australian lupin export markets in 2010-11 (DAFWA 2012).

2.3 Cultivation in Australia

Lupins were first introduced into Australia in the mid-19th century. At the end the century,
lupins were being used as a fodder crop for animal feed. After the discovery of the usefulness
of leguminous crops in fixing atmospheric nitrogen, lupins were also grown as green manure.
Under Australian conditions, natural nodulation of lupins by soil bacterium Bradyrhizobium 1is
generally poor and inoculants containing selected strains of bradyrhizobia need to be applied
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with the seed, or in the planting furrow, to ensure adequate nodulation (Information portal for
lupins 2010a).

Modern lupin production as a grain legume in Australia did not begin until the first fully
domesticated cultivar of L. angustifolius, Uniwhite, was released in WA in 1967 (Cowling et
al. 1998). After that, many new varieties from different lupin species with improved flowering
time, adaptation, yield and resistance to diseases were developed, which made Australian
lupin production into a profitable industry. The major species for lupin production in
Australia are L. angustifolius (narrow leafed lupin), L. albus (white lupin) and L. [uteus
(yellow lupin). The lupin varieties recommended for growing in Australia are provided in
Appendix 2.

L. angustifolius is the most important species in Australia, comprising over 95% of all lupin
grain production in WA (DAFWA 2010). In the wild state, L. angustifolius has blue flowers
that produce bitter seeds and is referred to as ‘blue lupin’. However, all cultivated varieties of
this species have been bred to have white flowers that set seeds with low alkaloids to
distinguish them from their bitter wild relatives. These varieties are named ‘narrow-leafed
lupin’ by researchers in Australia but the name ‘Australian Sweet Lupin’ is often used by the
industry (Information portal for lupins 2010a). To avoid confusion in this document, the
scientific name L. angustifolius will be used in the subsequent sections to mean the
domesticated narrow-leafed lupin, with its wild counterpart noted otherwise.

Most Australian lupin production occurs in the winter/spring rain-fed parts of south-western
WA, followed by South Australia (SA), southern New south Wales (NSW) and Victoria.
Lupins are generally sown in autumn (between late April and early June) and harvest occurs
in October and November with terminal drought determining crop ripening. Production in
WA and SA is dominated by L. angustifolius. There is a significant proportion of L. albus
produced in NSW and Victoria. Albus lupin production has been steadily increasing in recent
years from around 15,000 hectares in 2005 to exceed 30,000 hectares in 2009 with export
earnings to growers exceeding $15 million (Bray 2010). Figures for lupin production in
Australia are shown in Table 1.

Table 1. Lupin growing area and production in Australia®

Area planted ('000 Five year 2008-09 2009-10 201011  2011-12°
State ha) (A) and average®
Production (kt) (P)

Western A 618 444 500 522 503
Australia P 753 600 631 398 779
South A 79 53 53 64 65
Australia P 82 52 74 93 74
New South A 65 44 102 128 76
Wales P 44 37 84 252 80
Victoria A 36 36 36 42 46

P 26 18 33 65 43
Total A 798 577 691 756 690

P 906 707 822 808 976

a, Source: (ABARE 2010; ABARES 2011; ABARES 2012a; ABARES 2012b); b, Five years to
2007-08; ¢, ABARE estimate
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2.3.1 Commercial propagation

Although the varieties for lupin grain production are primarily self-pollinated, they still
readily cross with the aid of insects such as bees. This is particularly true for sweet albus lupin
(Richards 2010). Isolation is therefore absolutely necessary to maintain purity during seed
propagation. According to the South Australian Seed Certification Scheme (Smith & Baxter
2002), for L. albus and L. luteus, the isolation for producing basic seed” and certified seed’ are
100 m and 50 m from other cultivars, respectively. While for L. angustifolius, the isolation for
both basic seed and certified seed is 3 m. However, the OECD Seed Schemes (OECD 2008)
require the isolation to be 200 m for fields of 2 ha or less and 100 m for fields larger than 2 ha
for all legume crops including these three lupin species.

In Australia, many lupin varieties are covered by Plant Breeder’s Rights (PBR) (Wheeler &
McCormack 2010). Seed of registered varieties cannot be sold, traded or given away without
the authorisation of the rights owner or licensee. In addition, seed royalties are charged to
growers for using a PBR-protected variety. A system of end point royalties (EPR) developed
by the breeding community, the Grains Research and Development Corporation (GRDC) and
the seed industry are increasingly used by breeders and marketing agents (GRDC 2008;
Wheeler & McCormack 2010). The PBR information and marketing agents for lupin varieties
in Australia can be found in Appendix 2.

Seed certification is available through Seed Service Australia, AsureQuality Australia Ltd,
AGWEST Plant Laboratories and QSEED Pty Ltd on a voluntary basis. For Sweet albus lupin
seed, traders also participate in an ultraviolet testing scheme to ensure that all seed lots are
free of bitter seed contamination (Richards 2010).

2.3.2 Scale of cultivation

Australia has been the dominant lupin producer in the world since 1990. It accounted for
around 85% of global lupin production over the ten years to 2006 (Lawrance 2007). From
2006, Australian lupin production reduced dramatically due to drought. In 2008, the global
lupin production was around 774,000 tonnes, of which 63% was produced in Australia (FAO
2008). Other major lupin producers include Belarus, Poland, Germany, Chile and Russia.

According to the 2012 figure from Australian Bureau of Statistics, in terms of growing area
lupins are the fifth largest crop grown in Australia after wheat, barley, canola and oats. The
area sown to lupins peaked at 1,425,000 ha in 1997 and production reached the peak of
1,968,000 tonnes in 1999. However, the area harvested dropped to 500,000 ha in 2006 mainly
due to drought (FAO 2008) and has since remained around this level (Table 1). WA is the
largest lupin producing state, which accounts for an average 77% of total Australian
production in the eight years from 2003 to 2011 (Table 1). L. angustifolius has been the
dominant species in the production system in WA due to its adaptability to sandy and acidic
soils and the Mediterranean climate of south-western Australia. The varieties of

L. angustifolius listed in Appendix 2 have all been grown in WA. Gungurru and Merrit were
the most popular varieties grown in all districts in WA for a number of years (French &

* Basic seed is derived from areas sown with pre-basic seed (derived from breeders seed) and produced under the
supervision of the breeder and the certification authority.
? Certified seed is derived from basic seed.
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D'Antuono 2003), but have now been displaced by higher yielding/better disease or pest
resistance varieties such as Quilinock, Mandelup and Jenabillup (Wheeler & McCormack
2010).

NSW and SA are the next largest lupin producing states followed Victoria (Table 1). In SA,
the L. angustifolius varieties also dominate lupin production with Mandelup the variety of
choice for 2009 (Egan & Crouch 2009). In NSW, the production of sweet albus lupin has
steadily increased since an outbreak of the fungal disease anthracnose in WA in 1996 stopped
albus lupin production in WA. Sweet albus lupin generally has higher yield potential than

L. angustifolius lupins and the new varieties such as Luxor and Rosetta are free of bitter seed
contamination (Smith 1999; Viterra Seeds 2008). Sweet albus lupin is ideal for human
consumption, with Egypt the main export destination. The ideal areas for growing albus
lupins are the medium to high rainfall zones around the region of Albury, Wagga Wagga,
Young and Cowra. Ideal conditions also exist around Gilgandra and Coonamble in central
NSW (Penfold 2006).

233 Cultivation practices

In Australia, lupin is generally grown in areas receiving less than 500 mm annual rainfall
(French & Buirchell 2005). They are sown between late April and early June and the optimal
sowing times depend on the rainfall zones and soil types. As a general guide, the sowing
times on sandy soils are mid-April to early May, early to mid-May and mid-May for zones
with yearly rainfall below 350 mm, 350 to 450 mm and above 450 mm, respectively. While
on sandy loams and loam soils, the sowing time can be delayed to late May or early June for
zones receiving yearly rainfall above 450 mm (DPI Victoria 2010). Cultivated lupins begin
flowering from late July to early September and are harvested in October or November.

In general, lupins grow well on soils that are well drained, friable with reasonable depth and
slightly acidic or neutral. The sensitivity of various cultivated lupin species to soil pH,
waterlogging (saturation of the soil by water) and soil fertility varies (Table 2).

L. angustifolius adapts well to acidic sandy soils with low fertility and is resistant to transient
waterlogging. In contrast, L. albus prefers fertile soils with high pH and is sensitive to
waterlogging.

Table 2. Adaptation of cultivated lupin species to different soil types*

. Less Most
Soil factor Least adapted adapted Adapted adapted
Low pH (high Al) L. albus L. angustifolius L. luteus
. . s L. pilosus
High pH (high HCO5-) L. angustifolius L. luteus L. albus L atlanticus
Transient waterlogging L. albus L. atlanticus L. angustifolius L. luteus
Low fertility (sandy soils) L. albus L. angustifolius L. luteus

*Sources: (Brand et al. 2002; Information portal for lupins 2010b)

Timely harvest is important to maximise grain quality and prevent yield loss. In general, lupin
crops are harvested within three weeks after most seeds reach physiological maturity, a stage
at which the seed-filling period has ended and the seed has reached its maximum dry weight
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(Walker et al. 2011). Delays can result in significant yield losses because of lodging, pod
shattering and pod drop. Harvest should start as soon as the moisture content reaches 14%
(Riethmuller 2008). Harvesting when humidity is high (eg early morning or at night) can
substantially reduce seed loss by shattering or pod drop. Windrowing is a useful harvest
method for lupin (Carpenter 2000).

Lupin crops are often grown in rotation with other crops, usually cereals. Incorporating lupin
into rotations confers benefits to the farming system that include reduced disease in the
subsequent cereal crop, increased supply of organic nitrogen, increased supply of high quality
sheep feed and more options to control weeds. In WA, lupins are an integral part of the
farming system (DAFWA 2010). Wheat:lupin rotations widely used in the 1980s and 1990s
contributed directly to increased wheat yield and effective control of weeds. However, with an
increase in resistance of weeds to many of the herbicides commonly used in the wheat:lupin
rotation, farmers have begun to incorporate a greater range of crops in their rotations (Harries
& Peek 2008). A recent report showed that lupin-wheat-barley rotation is currently one of the
most profitable farming system options (Baxter 2010).

2.4 Crop improvement

Lupins can be improved through conventional breeding based on natural germplasm stocks
and genetic engineering may play an important role in future lupin crop improvement. The
countries with significant breeding programs include Australia, Poland, Russia, Germany,
Belarus and Chile. Other countries including the USA, Denmark, Spain, Portugal and Iceland
have smaller breeding programs (Clements et al. 2012).

After the release of the first L. angustifolius variety, Uniwhite, breeding for improved
agronomic characteristics, particularly yield and disease resistance, has continued in
Australia. L. angustifolius breeding has been the major focus particularly in WA and SA, but
sweet albus lupin breeding has attracted more int