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Abstract. Narrow-leafed lupin (NLL) is one of themajor legume crops inAustralian farming systemswhich is largely used
as animal feed. Severalmodern cultivars have been developed through breedingmakingNLL feasible for use as human food.
Significant health benefits have been recognised for NLL. The current study characterised protein polymorphism among
25Australian cultivars throughmass spectrometry (MALDI-TOF)with the aim of developingmolecular breeding strategies
to improve protein quality and content. A total of 364 seed protein mass peaks were clearly identified by MALDI-TOF and
50 protein mass peaks were cultivar specific. In addition, 9 protein mass peaks were found present in all cultivars and
61 proteinmass peaks present in 2–3 cultivars only. Phylogenic analysis based on the protein profile categorised the cultivars
into 2 major groups, which are broadly supported by pedigree information. The low proportion (2.4%) of common protein
mass peaks among the cultivars suggested a high level of diversity in seed protein of NLL.
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Introduction

Lupin is one of the major legume crops in Australian farming
systems because of its high nutritional value and adaptability
to marginal soils (Dervas et al. 1999; Howieson et al. 2000;
Guemes-Vera et al. 2008). The lupin grain is widely used as
animal feed due to its high protein content (~32%) and low anti-
nutritional factors (Hill 1986; Petterson 1998). In addition, the
high dietary fibre, low fat content and negligible amount of starch
features of lupin flour dictate its suitability as human health food.
One of the major cultivated species, Lupinus angustifolius,
known as narrow-leafed lupin (NLL), is commonly cultivated
as a rotation crop especially under Mediterranean climatic
environment (Gladstones 1994; Siddique and Sykes 1997). To
date, a total of 25 commercial cultivars of L. angustifolius have
been released in Australia since 1968.

Understanding genetic diversity is the foundation for crop
improvement (Talhinhas et al. 2006).Manybeneficial geneswere
discovered in the last 50 years (Gladstones 1994; Cowling et al.
1998) and several genetic diversity studies have been conducted
on L. angustifolius based on DNA technologies (Yang et al.
2004; Yuan et al. 2005), which showed a high level of genetic
variation among cultivars. These studies have assisted lupin
breeding programs in increasing yield, overcoming major
diseases and contributing to the agronomic success of the crop

(Buirchell 2008). Considerable research on seed proteins has
been conducted in different crops (Aly et al. 2000; Ma et al.
2005) including lupin and its legume relatives such as soybean
for the purpose of improving protein content and quality
(Stejskal and Griga 1995; Hsieh et al. 2001; Fahmy and
Salama 2002). However, proteome diversity based on seed
protein of L. angustifolius has not been reported. Seed protein
profilingwill be helpful for breeders to develop cultivars enriched
for specific proteins. The information can also be used for
constructing phylogenetic relationships among cultivars and
for fingerprinting cultivars and subsequently assist cultivar
identification, breeding line selection, and quality prediction
during breeding.

Matrix-assisted laser desorption ionisation time-of-flight
mass spectrometry (MALDI-TOF-MS) has been proved to be
a powerful tool for seed protein analysis (Cunsolo et al. 2004;
Alberghina et al. 2005; Muccilli et al. 2005; Chen et al. 2007;
Liu et al. 2009) with high throughput capability. The MALDI-
TOF-MS technique provides accurate results; requires very
small amounts of sample (normally less than 1 pmol), and is
relatively fast (requiring only a few minutes per sample)
compared with other common separation methods. Moreover,
it may facilitate the analysis of proteins from complex mixtures
without purification and separation (Kussmann et al. 1997).
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Thus the technique is particularly suitable for protein analysis of
large number of individuals within a short time. Compared with
the traditional one and two dimensional gel electrophoreses
for seed protein identification (Fahmy and Salama 2002;
Yahata et al. 2005; Magni et al. 2007) this approach is more
time and cost efficient (Barakat 2004). However, MALDI-TOF
mass spectrometry has not been widely used to produce the
protein profiles of lupin cultivars.

The current study investigated the feasibility of MALDI-TOF
mass spectrometry to profiling lupin seed proteins in order to
study the diversity and to deduce the relationships among the
Australian cultivars.

Materials and methods

In total 25 cultivars of L. angustifolius released in Australia
were supplied by the Department of Agriculture and Food,
Western Australia (DAFWA). All the cultivars were grown
in the same year at the same experimental station of DAFWA
(Wongan Hills, WA) under the same environmental conditions.
Thirty grams of seeds containing more than 100 seeds from
each cultivar were taken as a working sample and ground in
the ‘Retsch 2M 200’ and sieved with 750mM. The details of
the cultivars are listed in Table 1.

Protein was extracted from lupin flour based on Duranti et al.
(2008) and Lampart-Szczapa (1996). Lupin flour samples were
defatted by Hexane at 20 : 1 ratio (Santos et al. 1997) and
extraction buffer (0.5M NaCl) was added at the ratio of 15ml/g.
Protein was extracted by stirring at 48C for 4 h and the
supernatant was collected by centrifugation at 10 000g for
10min. The extract was mixed with matrix (sinapinic acid
dissolved in 0.05% TFA and 50% ACN) at 1 : 9 ratio and
1ml of mixture was spotted on MALDI-TOF plate and left at
room temperature to dry. Spotting was repeated once when the
previous spots were completely dry. The sinapinic acid was
purchased from Sigma-Aldrich, St. Louis, MO, USA. Three
separate extractions were made for MALDI-TOF protein
analysis to make sure of reproducibility.

The experiment was carried out on a Voyager DE PRO
Biospectrometry Workstation from PerSeptive Biosystems,
Framingham, MA, USA, operated in linear mode (Lou et al.

2010). Final mass spectrum for each sample was obtained by
averaging 500 shots on a protein spot over random locations. The
machine was calibrated by using ‘Sequazyme Peptide Mass
Standards Kit’ from Applied Biosystems, Foster City, CA,
USA following sinapinic acid matrix-calibration mixture 3 as
suggested by the supplier. To get the best resolution, the
molecular weight range of 2000–32 000 Dalton was split into
3000-Dalton intervals. High molecular weight proteins of
30 000–75 000 Dalton were also analysed.

Data analysis

The results from MALDI-TOF were analysed using the Voyage
machine companion software, Data Explorer, to produce the
protein mass peak profiles (Liu et al. 2009). The mass
spectrometric data were then analysed by using software
‘Progenesis PG 600’ from Nonlinear Dynamics, Durham, NC,
USA. The mass peak profiles were manually checked and the
identified polymorphic mass peaks were scored visually for
absence and presence. Mass peaks clearly detected in all three
replicates were scored to ensure reproducibility. A binary dataset
was constructed for multivariate analysis using the software
PAUP (Phylogenetic Analysis Using Parsimony) (Swofford
1998). A distance matrix based on total character difference
was constructed and the UPGMA (unweighted pair-group
method with arithmetic averages) procedure was followed to
produce a dendrogram. Bootstrap analysis was carried out with
10 000 replications to assess the reliability of groupings.

Results

MALDI-TOF mass peaks of the seed protein of NLL were clear
and easy to score (Fig. 1). The analysis obtained 364 mass peaks
including 355 polymorphic protein peaks ranging from 2 to
60KDa among the 25 cultivars of NLL. The number of mass
peaks identified for each cultivar varied from 88 to 186,
demonstrating a high level of proteomic diversity. In total, 58
mass peaks were categorised as very commonly observed in
more than 20 cultivars (Table 2), accounting for 15.9% of the
total mass peaks. Nine mass peaks with molecular weight of
3058, 3103, 4030, 4427, 4575, 4673, 4975, 5850 and 14 642Da
were found to be common to all 25 cultivars, comprising 2.4%
of the total profiled mass peaks observed. A total of 50 mass
peaks were cultivar specific (Table 3). Eighteen cultivars out of
25 had cultivar-specific mass peaks ranging from 1 to 8. The
largest number (8) of cultivar-specific mass peaks was found in
the cultivars Coromup and Geebung followed by the cultivars
Wonga andUniharvest. A few (2–3) cultivar-specificmass peaks
were observed in the cultivars Chittick, Gungurru, Mandelup,
Tallerack, Danja, Moonah, Marri and Uniwhite. In cultivars
Illyarrie, Merrit, Unicrop, Tanjil, Warrah and Yorrel, only one
cultivar-specific mass peak was observed. Cultivars Yandee,
Myallie, Kalya, Belara, Quilinock, Jindalee and Jenabillup did
not show any cultivar-specific mass peaks.

Another 96 mass peaks were specific to a small number (2–5)
of cultivars (Table 4). The molecular weight of most of these
mass peaks ranged from 2 to 15KDa. Among these 96 peaks
33 were specific to only 2 cultivars. Similarly, the other 28, 25
and 10 mass peaks were specific to 3, 4 and 5 cultivars,
respectively. Pairwise differences in mass peaks among the

Table 1. List of narrow-leafed lupin (Lupinus angustifoliusL) cultivars
used in this study

Series
No.

Name of
cultivar

Year of
release

Series
No.

Name of
cultivar

Year of
release

1 Uniwhite 1967 14 Myallie 1995
2 Uniharvest 1971 15 Kalya 1996
3 Unicrop 1973 16 Wonga 1996
4 Marri 1976 17 Belara 1997
5 Illyarrie 1979 18 Tallerack 1997
6 Yandee 1980 19 Tanjil 1998
7 Chittick 1982 20 Moonah 1998
8 Danja 1986 21 Quilinock 1999
9 Geebung 1987 22 Jindalee 2000
10 Gungurru 1988 23 Mandelup 2004
11 Yorrel 1989 24 Coromup 2006
12 Warrah 1989 25 Jenabillup 2007
13 Merrit 1991 – –
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cultivars were analysed by the distance matrix calculated by
PAUP (Table 5). The pairwise difference ranged from 56 to
186 mass peaks.

The dendrogram produced from the distance matrix showed
that there is a considerable level of diversity among the cultivars
(Fig. 2). The dendrogram separated the cultivars into two major

groups. The largest group, supported by 88% bootstraps,
consisted of 12 cultivars at the upper side of the dendrogram
and includes Uniwhite, Illyariie, Yandee, Danja, Marri,
Uniharvest, Unicrop, Chittick, Gungurru, Warrah, Merrit and
Yorrel. Similarly, cultivars Myallie, Wonga, Kalya, Tallerack,
Jenabillup and Tanjil clustered together in the middle part of the
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Fig. 1. MALDI-TOF outputs of narrow-leafed lupin protein profiles demonstrating easily visible and identifiable polymorphism
of protein mass peaks among different cultivars. The numbers on the protein peaks indicate the molecular weight of the
corresponding protein in Daltons. Two sister cultivars Illyarrie and Yandee showed very similar protein profiles. The other
cultivar Jenabillup showed many common proteins to them (arrowed) but apparently missing some of the proteins.
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Table 2. List of the very commonmass peaksA for seed protein of narrow-leafed lupin (Lupinus angustifoliusL.)
cultivars as identified by mass spectrometry

Protein mass peaks
(molecular weight
in Dalton)

No. of cultivars
having the mass peak

Name of the cultivars missing the mass peak

2115 22 Marri, Geebung, Wonga
2635 22 Uniharvest, Marri, Coromup
2767 22 Gungurru, Myallie, Coromup
2936 20 Gungurru, Myallie, Wonga, Coromup, Jenabillup
3058 25 –

3086 22 Marri, Geebung, Coromup
3103 25 –

3349 20 Gungurru, Wonga, Jindalee
3440 21 Illyarrie, Wonga, Yorrel, Coromup
3625 23 Geebung, Coromup
3640 20 Marri, Myallie, Kalya, Tallerack, Coromup
3731 20 Marri, Illyarrie, Yandee, Yorrel, Coromup
3931 23 Kalya, Wonga
4030 25 –

4129 24 Coromup
4427 25 –

4575 25 –

4673 25 –

4821 20 Kalya, Wonga, Quilinock, Mandelup, Coromup
4975 25 –

5198 21 Marri, Chittick, Merrit, Wonga
5225 20 Uniwhite, Marri, Geebung, Mandelup, Moonah
5376 21 Myallie, Kalya, Wonga, Jindalee
5395 22 Mandelup, Coromup, Jenabillup
5414 21 Chittick, Geebung, Mandelup, Coromup
5556 20 Geebung, Yorrel, Belara, Mandelup, Coromup
5850 25 –

5917 22 Tanjil, Coromup, Geebung
6036 21 Myallie, Kalya, Wonga, Coromup
6096 23 Quilinock, Jenabillup
6199 22 Myallie, Kalya, Wonga
6484 20 Myallie, Kalya, Wonga, Belara, Tanjil
6545 24 Coromup
6667 24 Coromup
6713 20 Yorrel, Belara, Moonah, Jindalee, Coromup
6868 21 Yorrel, Myallie, Geebung, Coromup
7346 20 Warrah, Myallie, Kalya, Wonga, Tallerack
7408 23 Myallie, Kalya
7656 20 Yorrel, Kalya, Belara
8116 21 Geebung, Kalya, Mandelup, Coromup
8175 22 Kalya, Coromup, Jenabillup,
8280 21 Kalya, Tallerack, Tanjil, Coromup
8705 23 Kalya, Coromup
8820 22 Kalya, Coromup, Tanjil
9377 20 Illyarrie, Kalya, Belara, Mandelup, Coromup
13 127 23 Chittick, Coromup
13 926 21 Uniharvest, Illyarrie, Chittick, Geebung
14 092 23 Yandee, Coromup,
14 459 21 Chittick, Gungurru, Kalya, Belara
14 642 25 –

15 024 24 Chittick
15 182 24 Chittick
15 332 21 Unicrop, Marri, Illyarrie, Tallerack
15 393 24 Wonga
15 495 24 Illyarrie
15 694 23 Uniwhite, Warrah
16 242 23 Kalya, Moonah
21 350 20 Gungurru, Yorrel, Warrah, Merrit, Mandelup

AVery common mass peaks are those found in 20 or more cultivars among the 25 studied.
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dendrogram. Likewise, Belara, Moonah, Jindalee, Quilinock and
Mandelup were placed closely. These 11 cultivars formed a
large group with 51% bootstrap supports. In contrast, cultivars
Coromup and Geebung were isolated from the two major
groups.

Discussion

MALDI-TOF-MS has been shown to be very useful in detecting
proteinmasspeakprofiles effectively inNLL.The reproducibility
of repeated extraction and detection of the same sample is
generally very good. From the three replicated experiments for
each sample, almost all the detected peaks are present in all the
replicates. Only a very small number of weak peaks were not
reproducible, which were not included in the analysis. In total,
364 protein mass peaks have been revealed in this study. Visible
differences among the protein mass peak profiles made the
scoring easy and accurate (Fig. 1). High throughput results
suggested that the method is suitable to study a large number
of genotypes within a short period of time.

All the mass peaks identified through MALDI-TOF may not
represent intact proteins as the molecular weights of intact
proteins of lupin are relatively high (Duranti et al. 2008).
Mass peaks above 10KDa might represent subunits of NLL
seed proteins (conglutins) or polypeptides (fragment of
proteins), as identified by 2D gel electrophoresis in another
study by our research group (Islam et al. 2011). Identified
subunits of seed proteins (conglutins) of Lupinus albus also
have been reported with a molecular weight of 9KDa or above

(Duranti et al. 2008). These subunits generally arise from the
proteolytic cleavages of native protein molecules (Derbyshire
et al. 1976; Muntz et al. 2002). Likewise the mass peaks having
lower molecular weights are assumed as representing
polypeptides derived from post-translational biochemical
processes that lead to proteolysis of NLL seed proteins
(Cerletti et al. 1978). To avoid any confusion, we used the
term ‘mass peak’ that represent the intact protein or a fragment
of protein, which are useful for fingerprinting (Horneffer et al.
2007). Theoretically, the detected mass peaks are confounded
outcome of cultivar and cultivar-by-site interactions as all the
samples were from the same site, same year and same growing
condition although we envisage that most of the variation was
due to difference among cultivars.

The study revealed that the seed storage protein mass peaks
of NLL are highly polymorphic. Over 97% mass peaks were
found to be polymorphic as only 2.4%of the observed peakswere
common to every genotype. This polymorphism is attributed
to heterogeneity of polypeptides due to the multigenic origin of
seed proteins and very distinct post-translational proteolysis of
the core protein molecules (Cerletti et al. 1978). Among the
polymorphic mass peaks, 15.9% (of total) was common to
a minimum of 20 genotypes, which can be considered as
generally common seed protein mass peaks of NLL. Thus
81% of NLL seed mass peaks were highly polymorphic,
which might be useful for cultivar identification based on
protein profiling.

A total of 50 cultivar-specificmass peaks have been identified
among the 25 NLL cultivars. Out of the 18 cultivars having

Table 3. List of cultivar-specific mass peaksA for seed protein of narrow-leafed lupin (Lupinus angustifoliusL.) cultivars
as revealed by mass spectrometry

Name of cultivars Number of cultivar-specific
mass peaks

Molecular weight of the protein mass peaks (Dalton)

Coromup 8 8661, 11 962, 12 132, 12 965, 13 652, 16 320, 18 841, 19 813
Geebung 8 2258, 2603, 3402, 3536, 3740, 6562, 7640, 13 593
Wonga 5 5488, 10 728, 16 450, 16 904, 28 603
Uniharvest 4 2462, 40 000, 53 000, 60 000
Chittick 3 2420, 9498, 14 878
Gungurru 3 3665, 21 121, 22 008
Mandelup 3 7524, 13 322, 14 690
Tallerack 2 4993, 10 682
Danja 2 4611, 28 436
Moonah 2 17 774, 17 922
Marri 2 5932, 20 002
Uniwhite 2 10 632, 28 639
Illyarrie 1 3200
Merrit 1 3284
Unicrop 1 24 521
Tanjil 1 14 055
Warrah 1 17 245
Yorrel 1 10 423
Yandee 0 –

Myallie 0 –

Kalya 0 –

Belara 0 –

Quilinock 0 –

Jindalee 0 –

Jenabillup 0 –

ACultivar-specific mass peaks are those specific to a single cultivar.
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Table 4. List of raremass peaksA for seed protein of narrow-leafed lupin (Lupinus angustifoliusL.) cultivars as observed
by mass spectrometry

Protein mass peaks
(molecular weight in Dalton)

Number of cultivars
with the mass peak

Name of the specific lupin cultivars with the mass peak

2193 2 Unicrop, Tanjil
2451 3 Kalya, Belara, Moonah
2535 5 Geebung, Kalya, Moonah, Jenabillup, Tanjil
2653 2 Geebung, Quilinock
2838 3 Geebung, Kalya, Moonah
2919 2 Unicrop, Illyarrie
3122 4 Yorrel, Myallie, Belara, Jindalee
3326 4 Geebung, Merrit, Gungurru, Yorrel
3412 2 Marri, Yorrel
3459 3 Jindalee, Tanjil, Jenabillup
3700 5 Danja, Gungurru, Wonga, Tanjil, Unicrop
3797 5 Uniwhite, Yorrel, Belara, Jindalee, Wonga
3849 3 Uniharvest, Tanjil, Jindalee
3869 2 Jindalee, Moonah
3893 2 Uniharvest, Jindalee
3906 5 Uniharvest, Geebung, Illyarrie, Warrah, Tallerack
3943 4 Myallie, Quilinock, Jindalee, Wonga
4015 3 Unicrop, Illyarrie, Merrit
4057 4 Illyarrie, Chittick, Merrit, Marri
4169 4 Chittick, Merrit, Kalya, Jenabillup
4195 3 Marri, Chittick, Danja
4291 2 Geebung, Mandelup
4642 3 Geebung, Kalya, Myallie
4708 3 Belara, Warrah, Merrit
4736 2 Kalya, Wonga
4798 2 Myallie, Tallerack
4891 4 Belara, Quilinock, Mandelup, Jenabillup
4918 2 Quilinock, Mandelup
5285 3 Geebung, Uniwhite, Tallerack
5535 3 Kalya, Quilinock, Jenabillup
5710 4 Geebung, Gungurru, Belara, Quilinock
5823 2 Myallie, Tanjil
5945 2 Uniharvest, Kalya
6082 2 Quilinock, Jenabillup
6348 2 Unicrop, Jenabillup
6425 2 Chittick, Tanjil
6496 4 Uniharvest, Unicrop, Wonga, Jindalee
6634 4 Illyarrie, Belara, Tanjil, Coromup
6900 3 Uniharvest, Marri, Geebung
7167 5 Mandelup, Coromup, Belara, Moonah, Geebung
7255 3 Uniwhite, Unicrop, Jenabillup
7584 2 Belara, Mandelup
7687 5 Uniwhite, Uniharvest, Tanjil, Quilinock, Jindalee
7839 2 Geebung, Myallie
8026 4 Geebung, Moonah, Quilinock, Tanjil
8087 3 Marri, Moonah, Jindalee
8165 3 Quilinock, Uniwhite, Danja
8221 3 Moonah, Geebung, Belara
8302 3 Warrah, Merrit, Tanjil
8322 2 Kalya, Myallie
8340 4 Geebung, Quilinock, Mandelup, Coromup
8453 3 Geebung, Mandelup, Coromup
8473 4 Myallie, Tanjil, Moonah, Jindalee
8732 3 Uniharvest, Unicrop, Geebung
9008 2 Uniharvest, Yorrel
9438 3 Marri, Chittick, Danja
9590 5 Belara, Jenabillup, Myallie, Wonga, Marri
10 061 2 Yorrel, Belara

(continued next page)
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cultivar-specific mass peaks, 12 had multiple cultivar-specific
mass peaks. These cultivar-specific mass peaks can be used
for the identification of corresponding cultivars (Table 3). To
identify the 7 cultivars without any cultivar-specific mass
peaks, the set of mass peaks specific to very few cultivars
(2–5) can be used (Table 4). Among the observed 96 rare
mass peaks, 61 were specific to only 2–3 cultivars. Thus the
combined information is useful for the identification of all 25
NLL cultivars.

Existence of most of the rare mass peaks in the cultivars is
generally in agreement with their pedigree. For example one of
the early cultivars Illyarrie had four rare mass peaks common to
one parent Unicrop and three common to another parent Marri.
Likewise the latest cultivar Jenabillup had five mass peaks
common to its one parental cultivar Quilinock. On the other
hand, few mass peak profiles were not in agreement with the
pedigree links suggesting the protein components came through
hybridisation. Geebung showed seven rare mass peaks common

to Mandelup although their pedigree showed a far distant
relationship. Cultivar Illyarrie had one cultivar-specific mass
peak at 3200Da (Table 3) and another five rare mass peaks at
3906, 6634, 11 898, 19 750 and 28 523Da (Table 4), which were
not present in either of its parental cultivars Unicrop or Marri.

Mass peak profiling of NLL seed protein demonstrated
extensive diversity among the studied cultivars. The number of
mass peaks identified for each cultivar varied from 88 to 186
indicating noteworthy qualitative differences among the
cultivars. Likewise, the pairwise distance analysis showed the
highest 51% distance (mean character difference) between one
of the earliest cultivars Uniharvest and one of the latest cultivars
Coromup (Table 5). The lowest 15% distance was between the
cultivars Yandee and Danja originating from the same parent
Unicrop. However, most of the pairwise distances ranged from
25 to 40% (Table 5), suggesting a considerable seed protein
variation. The significant genetic diversity among the cultivars
of L. angustifolius has previously been revealed by DNA

Table 4. (continued )

Protein mass peaks
(molecular weight in Dalton)

Number of cultivars
with the mass peak

Name of the specific lupin cultivars with the mass peak

10 521 2 Myallie, Tanjil
10 533 3 Mandelup, Yorrel, Merrit
10 666 4 Warrah, Belara, Moonah, Coromup
11 214 2 Tanjil, Coromup
11 562 4 Mandelup, Coromup, Marri, Geebung
11 797 4 Uniharvest, Marri, Illyarrie, Chittick
11 898 4 Illyarrie, Yorrel, Warrah, Coromup
12 468 4 Danja, Moonah, Quilinock, Jenabillup
12 561 5 Myallie, Tanjil, Gungurru, Jindalee, Mandelup
12 834 4 Uniharvest, Tallerack, Myallie, Wonga
12 858 2 Tanjil, Coromup
13 106 2 Unicrop, Chittick
13 794 3 Kalya, Quilinock, Coromup
13 975 5 Chittick, Danja, Geebung, Gungurru, Warrah
13 997 2 Jindalee, Tanjil
15 068 3 Tanjil, Uniharvest, Chittick
15 349 4 Illyarrie, Unicrop, Marri, Tallerack
15 542 3 Unicrop, Tallerack, Uniharvest
16 181 2 Jindalee, Moonah
17 082 4 Geebung, Quilinock, Mandelup, Jenabillup
17 213 3 Geebung, Quilinock, Mandelup
18 396 4 Uniharvest, Marri, Yandee, Mandelup
18 496 3 Belara, Uniharvest, Chittick
19 177 4 Uniwhite, Uniharvest, Danja, Geebung
19 471 2 Geebung, Mandelup
19 750 4 Chittick, Wonga, Illyarrie, Belara
21 010 3 Marri, Tallerack, Jenabillup
21 330 4 Yorrel, Warrah, Gungurru, Mandelup
21 565 4 Unicrop, Illyarrie, Yandee, Mandelup
23 000 2 Uniwhite, Uniharvest
23 777 2 Yorrel, Uniharvest
24 289 5 Uniharvest, Unicrop, Yandee, Geebung, Kalya
28 378 2 Warrah, Uniharvest
28 523 3 Illyarrie, Chittick, Geebung
28 698 2 Kalya, Myallie
28 803 2 Kalya, Wonga
31 000 3 Yandee, Chittick, Merrit
35 000 2 Merrit, Yorrel

ARare mass peaks are those specific to 2–5 cultivars.
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marker-based studies (Yang et al. 2001, 2004; Yuan et al. 2005;
Talhinhas et al. 2006).

The constructed phylogenetic tree (Fig. 2) based on the
polymorphic seed protein mass peaks is in broad agreement
with the pedigree information and DNA marker-based studies
(Yuan et al. 2005; Talhinhas et al. 2006) of the NLL cultivars.
Cultivars having common parental lines were grouped
together as the seed proteins are generally genetically inherited
(Timmerman-Vaughan et al. 2005; Bolon et al. 2010). Cultivars
Warrah and Merrit derived from the cross of Ilyarrie with wild
types from Spain were placed together closely with 80%
bootstrap support. Likewise, cultivars Yandee and Danja
sharing the same parent Unicrop were placed together with
59% bootstrap support. One of the earliest cultivars Unicrop
released by the University ofWestern Australia clustered with its
parental cultivar Uniharvest with 57% bootstrap support, which
is in agreement with the findings of Yuan et al. (2005). Including
the abovementioned cultivars, a total of 12 cultivars of NLL
originating from a series of early crosses (until1991) were
clustered together in a group with 88% bootstrap support. This
finding is generally supported by the randomly amplified

microsatellite polymorphism (RAMP)-based fingerprinting
(Yuan et al. 2005) and by an amplified fragment length
polymorphism (AFLP) and inter-simple sequence repeat
(ISSR) marker-based study (Talhinhas et al. 2006).

Likewise, cvv. Moonah and Quilinock sharing the wild type
from Italy were placed in a group with 73% bootstrap support.
The other cultivar of this group Jindalee paired with Moonah
with 76% bootstrap support in agreement with their pedigree as
shared parental line from Gungurru. Four cultivars Myallie,
Tallerack, Wonga and Kalya originating from a series of
complex crosses incorporating the cultivar Illyarrie and
different wild types from Spain and Morocco were clustered
together with 67% bootstrap support. The abovementioned 7
cultivars of NLL along with the cultivars Tanjil, Belera,
Jenabillup and Mandelup formed the other cluster with 51%
bootstrap support. This finding is generally in agreement with
the result of DNA-based fingerprinting of NLL by Yuan et al.
(2005).

Some exceptions in grouping in relation to the pedigree links
suggest that the seed protein diversity among the cultivars might
be introduced beyond their pedigree relationship. The latest
(2007) cultivar Jenabillup was placed in the group of Myallie,
Tallerack, Wonga and Kalya with 67% bootstrap support but it
shares a very different pedigree relationship with other cultivars.
Geebungwas not placed closely with parental cultivars Uniwhite
and Uniharvest and the case was similar in the DNA-based
study (Yuan et al. 2005). These exceptional placements might
be due to heterogeneity of polypeptides (Cerletti et al. 1978)
and also suggest that new proteins different from the parents
might be formed in hybrids through hybridisation. The isolated
position of the cultivar Coromup (Fig. 2) suggests further
investigation of this cultivar is warranted using alternative
proteomic approaches.

For further comparison of groupings of NLL based on protein
mass peak profiles with pedigree consequence, a most
parsimonious tree was constructed (not presented here) taking
the earliest cultivar Uniwhite as outgroup. The groupings were
very similar to the UPGMA tree and also broadly support the
pedigree relationships as demonstrated by Cowling (1999).
However, the limitation of this method is that it is based on
qualitative approach (Dekker et al. 2005; Szajli et al. 2008). Thus
where the protein quantity is a major concern, this method has to
be used in combination with other quantitative methodologies
such as NIR, Kjeldahl, Biuret, and Combustion etc. (Moore et al.
2010).
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