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Abstract

The modern food system is a key driver of environmental and social burdens. A step towards
becoming more sustainable has led to an increased demand for protein-rich leguminous crops. Lupin
is a legume with a high nutritional value and well-adapted for cultivation in Sweden. The current
view on lupins by producers and the market in Sweden was investigated. One of the challenges with
lupin for human consumption is the lack of knowledge regarding its content of alkaloids. A purpose
of this study was, therefore, to compare the alkaloid contents in cultivars of yellow lupin (Baryt,
Bursztyn, and Mister), narrow-leafed (NL) lupin (Boregine, Mirabor, and Samba) and Andean lupin
(Bolivian variety). For NL lupin, effects of year of harvest and of soaking time on alkaloid levels
were also investigated. Another aim was also to determine if the alkaloids were present in the lupin
seed cotyledon or the hulls. Alkaloids were extracted from lupin seed flour and the combined content
of all forms of alkaloids was estimated based on the precipitation of an alkaloid-bismuth complex
followed by solubilisation and spectrophotometric quantification. The total content of alkaloids
varied from 0.29 to 1.37 %. The year of harvest strongly influenced the total alkaloid content in the
two cultivars investigated. Soaking had an ambiguous effect on total alkaloid content. The lupin
seed cotyledon contained the majority of the alkaloids. This study indicates that more research is
needed to assure the safety of lupins for food purposes, which is essential to promote increased
utilisation of lupin-based products.

Keywords: quinolizidine alkaloids, lupin, narrow-leafed lupin, yellow lupin, Andean lupin, future
protein crop, commercialisation of lupin, utilisation of lupin



Sammanfattning

Det moderna livsmedelssystemet har en stor paverkan pé bade miljé och samhélle. For att bli mer
héllbart har efterfrdgan av proteinrika baljvéaxter 6kat. Lupin &r en baljvaxt med ett hogt nutritionellt
vérde och dr en groda som ér vl anpassad for odling i Sverige. Darfor undersoktes lupinens status
pa den svenska marknaden och hos producenter. En av utmaningarna med lupin for
livsmedelskonsumtion &r emellertid bristen pa kunskap om dess innehéll av alkaloider. Syftet med
denna studie var darfor att jamfora det totala alkaloidinnehallet i lupinsorter frdn gul lupin (Baryt,
Bursztyn, Mister), smalbladig lupin (Boregine, Mirabor, Samba) och Andisk lupin (Boliviansk
kultivar). For den smalbladiga lupinen undersdktes &ven effekten av skordedr och
blotlaggningstidens paverkan pa alkaloidhalt. Ytterligare ett syfte var att bestdimma vart i lupinfroet
som alkaloiderna ackumuleras. Alkaloider extraherades ur mjol av malda lupinfron. Det
kombinerade innehallet av alla typer av alkaloider kunde uppskattas och baserades da pa en féllning
av alkaloid-vismutkomplex f6ljt av en spektrofotometrisk kvantifiering. Den totala koncentrationen
av alkaloider i lupinfrona varierade frén 0,29 till 1,37 %. Skordeér hade en stark paverkan pa det
totala alkaloidinnehdllet i de tvd studerade sorterna. Blotldggning hade en tvetydig effekt pa
alkaloidhalten. Det visade sig ocksé att majoriteten av alkaloiderna aterfanns i lupinfroets kérna.
Slutsatsen av resultaten i denna studie visar dock att mer forskning behdvs for att kunna garantera
att lupiner ar sdkert for livsmedelskonsumtion. Detta dr viktigt for att framja ett okat intag av
lupinbaserade produkter.

Nyckelord: quinolizidinalkaloider, lupin, smalbladig lupin, gullupin, Andisk lupin, framtidens
proteingroda, kommersialisering av lupin



“There are far, far better things ahead than any we leave behind.”

— C.S. Lewis
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1. Introduction

The modern food system is a complex network and currently a key driver of
environmental and social burdens. Therefore, it is facing a huge global challenge;
to become more sustainable (Food and Agriculture Organisation of the United
Nations (FAO), 2018; Garnett ef al., 2016; Hallstrom et al., 2015).

Today, the modern food system accounts for 19-30 % of the greenhouse gas
emissions (GHGE) globally (Hjorth ef al., 2020; Garnett et al., 2016). Further, it is
a major contributor to deforestation, land degradation and desertification, loss in
biodiversity, nutrient losses (Garnett et al., 2016; Hajer et al., 2016), deteriorating
soil quality, and land-use change (Alexander ef al., 2015). Between 1970 and 2014,
terrestrial and aquatic biodiversity decreased by 60 % (WWF, 2018). The majority
of losses in biodiversity occurs in the tropical regions where rain forest
deforestation is a verity. The amount of wildlife species constitutes 4 % of the total
global mammal biomass, based on weight, while humans represent 36 %. The
major constituent here is the livestock production representing as much as 60 %.
The extensive livestock production is an emergent issue, which leads to further
exploitation of land and land-use change (FAO, 2016; Alexander ef al., 2015).

Socially, a growing global population and change in diet patterns lead to several
concerns regarding sustainability (FAO, 2018; Alexander et al., 2015). People need
food, shelter, and food security. Increasing wealth is leading to an inclination
towards more resource-intensive food, i.e. meat, milk, and egg products (UNEP,
2016). The globalisation of food supply increases the trade-offs and puts further
pressure on the intensification of agricultural practices and land-use change.

To turn things around and reduce the global impact of existing food systems,
transitions in eating habits and production structures are needed. Many alternatives
have been suggested, such as the adoption of healthier diets (Alexander et al., 2015;
Hallstrom et al., 2015), reduced consumption of resource-intensive food (FAO,
2018), increased awareness on healthy and sustainable food choices (de Boer &
Aiking, 2019), decreased dependency on imported soy (Prins et al., 2019) and
increased production of leguminous crops in the European Union (EU) (Manners
et al., 2020). Also, it is essential to develop less resource-intensive agricultural
practices and thus find strategies to manage water use, nutrients, and agrochemicals
in a sustainable manner (Foley et al., 2011). Hallstrom (2015) concludes that
adopting a diet according to the Nordic dietary guidelines could lower land-use by
20 %. Moreover, R60s et al. (2018) demonstrate a scenario where Swedish meat
consumption is reduced by 50 % and replaced with an increased proportion of



legumes. Hypothetically, this scenario would result in a 20 % lower climate impact
and a 23 % reduction in land-use change. At the same time, it would only require a
1 % increase in Swedish legume production.

1.1. Problem analysis

There is an evident gap between Swedish farmers and the food industry (Linnskog
Rudh, 2018). The farmer needs to be guaranteed that the sale of the harvest is
possible, while the food industry needs assurance of a continuous and regular
supply of volume with acceptable quality (Linnskog Rudh, 2018). Today, it is more
advantageous to procure protein-rich leguminous crops from other parts of the
world than from Sweden, as the price is lower and no further processing is required
for the delivered product (Jonson, 2018). Lupin could be a suitable option as it has
a high protein content, and thus a good competitor to the imported soybean
(Renmark, 2019; Nilsson, 2017). In Scandinavia, the lupin has mainly served as
animal feed but has the potential to become a plant-based protein source for human
consumption (Manners et al., 2020; Nilsson, 2017). The protein crop is well-
adapted to the Swedish climate (Manners et al., 2020), not genetically modified,
and valuable to integrate into crop rotation as it improves soil quality through
nitrogen fixation (Calabro et al., 2015).

However, introducing the lupin in the human diet requires post-harvest processing,
such as cleaning, dehulling, milling, and packing of lupin grains (Linnskog Rudh,
2018). These are non-existent in Sweden today (Jonson, 2018) (Sorbring, 2020;
Linnskog Rudh, 2018; Roo6s et al., 2018). Also, other barriers to the
commercialisation of lupins exist, such as the concern regarding its allergenicity
(McNaughton, 2019; Prins et al., 2019; European Food Safety Authority (EFSA),
2014), the limited insight in which species and varieties of lupins that are most
suitable for cultivation, nutritional value, and lack of knowledge regarding
antinutritional factors (ANFs) (McNaughton, 2019). Food safety aspects related to
legume consumption is a major challenge. Therefore, it is important to gain
knowledge on how to properly prepare lupins for food consumption, and thus
removing the ANFs below safety limits (The Federal Institute of Risk Assessment
(BfR), 2017).

1.2. Aim and objectives of the project

This study aims to provide a foundation for increased utilisation of lupins in
Sweden and to create incentives for the Swedish food industry to venture lupin-
based foods. Additionally, different lupin varieties will be studied with the ambition
to identify prospects and challenges with further food processing of the dried seed,
i.e. dehulling and soaking. Moreover, potential food application areas for lupin
seeds will be evaluated.



Research questions

RQ1: How is lupin perceived as a protein source for human consumption in
Sweden?

RQ2: Is the total alkaloid content varying between different lupin species and
cultivars?

RQ3: Is the alkaloid concentration in lupin seeds affected by the year of cultivation?
RQ4: Are the majority of the alkaloids mainly located to the hulls of the lupin seeds
or in the cotyledon?

RQ5: Is soaking affecting the alkaloid content in lupin seeds?



2. Theory

This section will provide background information of the lupin species of agronomic
interest: Lupinus angustifolius, Lupinus luteus, Lupinus albus, and Lupinus
mutabilis. It will also include nutrition and composition, levels of antinutritional
factors (ANFs) and alkaloid content. Lastly, the health aspects of human
consumption of lupins will be reviewed.

2.1. The Lupinus species

Lupinus spp. is a diverse and widespread genus of the legume family of Fabaceae,
including 200 species of flowering plants (Anderberg & Anderberg, 2017;
Fogelfors, 2015). Of these 200 species, only four is fully domesticated; Lupinus
angustifolius, L. albus, L. luteus, and L. mutabilis, Table 1 (Gresta et al., 2017). In
Sweden, the flower lupin (L. polyphyllus) and Nootka lupin! (L. nootkatensis) are
considered as domiciled?. These are commonly known as toxic, invasive, and a
threat to biodiversity as it easily spreads on the verge of roads, meadows, gardens,
and fringe of the forests (Backstrom, 2018).

However, the species of L. angustifolius, L. albus and L. luteus belong to the group
of Old World species, originating from the European, Mediterranean and North
African areas (Gresta et al., 2017; Office of the Gene Technology Regulator
(OGTR), 2013). There are 12 species included to this group of which all are annual
crops with a larger seeds size. These species can further be divided into groups
based on the seed-coat texture, where Malacospermae characterise a smooth seed
coat, and Scabrispermae a rough seed coat. However, the species named gives seeds
with a smooth seed coat, thus, belonging to the group of Malacospermae. It is the
Old World lupin species that are recognised as most important from an agricultural
perspective, due to their suitability as food and feed, and which has been improved
through plant breeding.

The species of Lupinus mutabilis is a New World lupin. This group of lupins
includes approximately 130 species (Gresta et al., 2017). New World lupins are less
specialised compared to the Old World species, but are mainly characterised as

!'In Sweden, Nootka lupin is commonly called sand lupin.
2 Meaning that these lupin species are a part of the natural flora in Sweden



herbaceous perennials, cross-pollinators and by their monopodial® type of
branching (Gresta et al., 2017; OGTR, 2013). The New World lupin is thought to
originate from South, Central and North America, but the species within this group
are poorly defined.

The cultivation of lupins in Europe includes a total area of 150 000 ha. Germany,
Poland, the Russian Federation, Belarus and Ukraine are the only European
countries that grow the crop on more than 10 000 ha (Gresta et al., 2017).

Table 1. Overview of lupin species of agronomic interest and main cultivation areas

Latin name Common name Species group  Main cultivation area

L. angustifolius Narrow-leafed lupin, Old World Poland, Germany, Australia
blue lupin, sweet lupin

L. luteus Yellow lupin Old World Poland

L. albus White lupin Old World Italy, Spain, France, Australia

L. mutabilis Andean lupin, chocho, = New World Ecuador, Peru and Bolivia
tarwi

2.1.1. L. angustifolius

The domestication of the Old World species of Lupinus angustifolius occurred in
the late 19" century in the Baltic countries and Germany, with the purpose to serve
as green manure (OGTR, 2013). Furthermore, sweet and edible varieties of the
species were developed in Germany, Sweden and the Russian Federation in the late
20" century. Today, it is widely distributed in Mediterranean countries (Lim, 2012)
and has domiciled in Australia, South Africa and North America and thus been
included as a part of the natural flora (OGTR, 2013).

The species Lupinus angustifolius has many names, i.e. the Australian sweet lupin,
blue lupin or narrow-leafed lupin (Lim, 2012). The domesticated cultivars of this
species are often denoted as narrow-leafed lupin or Australian sweet lupin and give
white or blue flowers and seeds suitable for feed and food (Alemu et al., 2018;
OGTR, 2013). Noteworthy is the name Australian sweet lupin, which reflects the
extensive production in the specific continent, representing 95 % of the total lupin
grain production (OGTR, 2013). However, to avoid misconception, the Lupinus
angustifolius will henceforth be referred to as narrow-leafed (NL) lupin in this
thesis.

This NL lupin has received the most attention, as it is well-adapted to temperate
climate, is tolerant to abiotic stresses, e.g. drought, waterlogging (Renmark, 2019),

3 Monopodial branching means that the crop grows upward with the terminal bud as a central leader. This
gives the plant a pyramidal shape, as the lateral shoots remain subordinate to the top shoot (Encyclopaedia
Britannica, 2020).



and maintains soil fertility (Lim, 2012). Initially, the edible seeds of NL lupin were
used as animal feed but have slowly shifted to become more accepted as human
food. Further, the seeds have a thick coat that constitutes 19-25 % of the seed weight
(Petterson, 2004).

The cultivation of the NL lupin species in Europe is mainly concentrated in
Germany and Poland (Gresta et al., 2017). It is the most suitable lupin species for
more extensive cultivation at northern latitudes (Manners et al., 2020).

2.1.2. L. luteus

The domestication of the Old World species of Lupinus luteus or yellow lupin
occurred at the same time and purpose as the NL lupin (OGTR, 2013). To date, it
is commonly distributed in the pan-Mediterranean region, but also extensively
cultivated in Australia.

The yellow lupin is a self-pollinator and gives yellow flowers. The seeds are mainly
used as animal feed and to a lesser extent food (Petterson, 2004). The seed coat of
the yellow lupin is thicker than of the other domesticated lupin species and
comprises approximately 30 % of seed weight (Petterson, 2004).

The cultivation of the yellow lupin in Europe is centred to Poland (Gresta ef al.,
2017). Among the four domesticated species, the yellow lupin is most sensitive to
polluted soils (Baciak ef al., 2015). It is well adapted to sandy soils with low pH
and fertility, and transient waterlogging, but less adjusted to alkaline soils (OGTR,
2013).

2.1.3. L. albus

This lupin species was the first to become domesticated (OGTR, 2013). In ancient
Greece and Egypt, 2000 BC, the Lupinus albus was cultivated for multiple
purposes, i.e. food, feed, cosmetics and medicine. In ancient Rome, 1000-800 BC,
it was utilised as green manure. The development of sweet varieties occurred at the
same time as the other two Old World species.

Today, the white lupin is widely distributed in the pan Mediterranean region and is
mainly used for human consumption, particularly the larger and bitter seeds are
used as snacks after debittering (Petterson, 2004). The seed coat is not as thick as
for the yellow and NL lupin and comprises 15% of the total seed weight.

The white lupin prefers fertile and alkaline soils; thus, it is less adapted for sandy
soils with low pH (OGTR, 2013). The crop is also sensitive to transient
waterlogging and therefore requires well-drained cultivation areas.

The main producers of the white lupin are located in the southern parts of Europe
and include Italy, France and Spain. The area of cultivation ranges from 3000 ha in
Spain to 5000 ha in Italy (Gresta et al., 2017). Additionally, Australia is a large
producer (30 000 ha in 2009) (OGTR, 2013) and exporter of white lupin, exporting
thousands of tonnes, particularly to the Middle East region (Petterson, 2004).



2.1.4. L. mutabilis

The species of Lupinus mutabilis originates from Andean countries, where it has
been cultivated since ancient times. Some common names for L. mutabilis are
chocho, tarwi (Breia et al., 2019; von Baer, 2019), pearl lupin, Tauri and Andean
lupin (BfR, 2017). Hereinafter, the common name Andean lupin will be used
throughout the thesis.

The crop is of less significance for human consumption globally, but is commonly
produced for food, feed and green manure in Ecuador, Peru and Bolivia (Villacrés
et al., 2019; Swic;cicki et al., 2015) and the Andean regions at altitudes of 2000-
4000 m (OGTR, 2013). The Andean lupin has large seeds, which is an exception
compared to other New World lupin species characterised by their small seed-size
(Swiecicki et al., 2015). The seed-coat is rather thin and comprises 12 % of the total
seed weight (Petterson, 2004). Important to acknowledge is that the seeds from
Andean lupin require a debittering process by soaking before consumption
(Cérdova-Ramos et al., 2019; Carvajal-Larenas et al., 2015).

Moreover, the Andean lupin species is relatively resistant towards pests, diseases,
drought and frosts. Nevertheless, the species struggles with some shortcomings,
such as a prolonged crop maturation under long photoperiods and humid weather
(Swiccicki e al., 2015). Additionally, the Andean species has low adaptation
ability, which makes it incapable to compete with the NL lupin and yellow lupin
cultivated in Europe and Australia (OGTR, 2013).

2.2. Composition and nutrition of the lupin seed

2.2.1. Macro- and micro nutrients

The lupin seed kernel has a dicotyledon structure, containing the majority of the
energy stored in thickened cell-wall material, which comprises approximately
25 %, and in oil bodies (Petterson, 2004). Further, the seeds are covered with a thick
seed coat (~25%) mainly consisting of cellulose, hemicellulose and a minor part of
lignin and varies from 21-27 %, 4-11 %, and 0.35-34 %, respectively (Parmdeep et
al., 2015; Bahr et al., 2014). The seed coat of lupins comprises a larger part of the
total seed weight compared to other agronomic grain crops (Petterson, 2004). The
total fibre content of the lupin seed ranges from 6.2 to 15.4 % in dry weight (dw),
Table 2.

The starch content (SC) in lupin seeds reaches approximately 6 % (Table 2) and are
higher than the SC in soybean (Glycine max) (<0.91 %), but considerably lower in
comparison to field peas (Pisum sativum L.) and chickpeas (Cicer arietinum) with
an SC ranging from 50 to 70 % of its dw (Tayade ef al., 2019; Petterson, 2004).
Furthermore, the protein content varies within and between lupin species but ranges
from 15.8 to 52.6 % of dw, (Table 2) (Musco et al., 2017; Parmdeep et al., 2015;
Lim, 2012). Likewise, the fat content in lupin seeds varies (Carvajal-Larenas et al.,
2016) and ranges from 4.9 to 24.6 % of the total seed (Table 2), with diverse levels
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of saturated (SFA), monounsaturated (MUFA) and polyunsaturated fatty acids
(PUFA), Table 2 (Musco et al., 2017). In NL and yellow lupin, the PUFA (~34-
60 %) levels are more dominant than that of SFA and MUFA (Table 3). In white
lupins the MUFA are dominant. Musco et al. (2017) declare that the PUFA
composition in white lupin is comparable with canola oil with an n-3/n-6 ratio of
0.45, while yellow and NL lupin is more similar to olive oil (0.13) and soya bean
0il (0.15). The fat in Andean lupin is dominant in the MUFA of C18:1 (46.4 %) and
PUFA of C18:2 (33.1 %) but also contains some amounts of SFA, i.e. C16:0
(10.4 %), and C18:0 (4.7 %), and MFA; C16:1 (13.9%). (Carvajal-Larenas et al.,
2016). Although, the debittering process tends to increase the MUFA of C18:1 to
52.5%

Considering the lupin kernel protein content, the NL lupin contains approximately
32-45 % (Swigcicki et al., 2015; Wische et al., 2001) to 40 % of protein (Bihr et
al.,2014; Chew et al., 2003), Table 2. Protein content of the white lupin cultivars,
yellow lupin and Andean lupin is considered to reach the same levels as for soya
bean, 40 % (Wische et al., 2001), 20.7 to 41.1 % (Parmdeep et al., 2015; Strakova
et al., 2006) and 34 to 50 % (Villacrés et al., 2019; Swi@cicki et al., 2015),
respectively, Table 2. However, post-processing (i.e. dehulling) of the white lupin
could increase the protein content in the lupin kernel to 44-50% (Chew et al., 2003).
Furthermore, the amino acid profile in seeds from all lupine species are deficient in
the sulphur amino acids cysteine and methionine, thus it is inferior to that of eggs
and milk casein.

The mineral content of lupins varies widely within and between species, Table 4
(Karnpanit et al., 2017; Musco et al., 2017; Carvajal-Larenas et al., 2016; Lim,
2012; Strakova et al., 2006). Here, calcium, magnesium and phosphorus are the
most abundant minerals ranging from 120-430 mg/100 g, 160-330 mg/100 g, and
300-880 mg/100 g, respectively (Table 3). The Andean lupin contains high amounts
of potassium (1130-1400 mg/ 100 g) compared to the NL lupin (Carvajal-Larenas
et al., 2016). Other minerals such as sodium, copper, iron, manganese, zinc,
molybdenum, cobalt and selenium are only present in smaller amounts (Table 4).



Table 2. Macronutrients in whole seeds from four lupin species (g/ 100 g of DM except for moisture)

Starch

Ash

Species DM Carbohydrates Proteins (N X 6.25) Fat Fibre

NL lupin 90.39-91.75%" 41°¢ 15.8°—40f 5.5 - 8.0° 12.9%"-15.4° 5¢-8+" 2.7°—4.15¢
Yellow lupin 89.6%-90.8¢ 38.8° 20.7°-41.1¢ 4.99-9.1¢ 12.93¢ 3.15-3.74 4.239-5.67¢
White lupin* 91.34-92.5%" 39.3¢ 24.1°-36.2*" 9.7%¢ 10.28% 3.95-7.45 3.78%-5.25¢
Andean lupin 90.1-93.8¢ 26.1-43.2¢ 32-52.6¢ 13-24.6° 6.2-11¢ 2.4-5.2¢

2 values based on own calculations from (Strakova et al., 2006), ® (Lim, 2012), ¢ (Carvajal-Larenas et al., 2016), ¢ (Musco et al., 2017), ¢(Parmdeep et al., 2015), {(Bihr et al., 2014), (*)
indicates mean values, empty box indicates that data is missing

Table 3. Fatty acid classes (g/ 100g) in whole lupin seeds and omega-3/ omega-6 ratio (Musco et al, 2017)

Species SFA MUFA PUFA n-3 PUFA n-6 PUFA n-3/n-6

NL lupin 21-26.7 29.5-38.7 34.7-49.5 5.9-7.7 28.7-43.2 0.146-0.267
Yellow lupin 15.1-16.9 24.6-29.5 54.3-60.3 6.7-9.5 47.6-50.9 0.142-0.186
White lupin 16.5-17.2 50.9-55.8 27.3-32.0 8.6-12.4 17.9-23.0 0.452-0.658

SFA (saturated fatty acids (FA)): C14:0, C15:0, C16:0, C18:0, C20:0, C22:0, C24:0; MUFA (monounsaturated FA): C16:1, C17:1, C18:1 n-9, C20:1 n-7, C22:1 n-9; PUFA
(polyunsaturated FA): C18:2 n-6, C18:3 n-3, C20:2 n-6

Table 4. Nutrient composition of minerals in whole seeds of the four different lupin species (mg/ 100g of DM)

Species Ca Mg P K Na Cu Fe Mn Zn Mo Co Se
NL lupin 220° - 3502 160°— 184%  300° - 526° 800° 40°  0.47°0.5¢  2.74%6.1°  1.9%-2.1¢  3.4°3.6° 0.16* 7.8° 8.9°
Yellow lupin 210°-380¢ 225¢ 610°-720¢ 0.9¢ 9.3¢ 8.6° 5.6°
White lupin* 200°-430% 190+ 360°-507%" 0.5¢ 2.6° 83.5¢ 3.0°

Andean lupin 120-180°¢ 240-330° 600-880° 1130-1400° 0.8-1.1° 5.0-7.3¢ 2.6-3.7° 3.4-3.6°

2 values based on own calculations from (Strakova et al., 2006), ® (Lim, 2012), ¢ (Carvajal-Larenas et al., 2016), ¢ (Musco et al., 2017), ¢(Karnpanit et al., 2017)



2.2.2. Alkaloids

Alkaloids are a group of phytochemicals* that belongs to the class of secondary
metabolites (Hanson, 2003) and is considered an anti-nutritional factor (ANF)
(Cortés-Avendano et al., 2020). They come in a diverse range of structures,
although all alkaloids are nitrogen-containing bases which originates from an amino
acid precursor, i.e. lysine, tyrosine, ornithine or tryptophan (Hanson, 2003).
Nicotine, caffeine, and morphine are some alkaloids that have attracted
considerable interest throughout the years of research. Looking at legume plants
such as the genus Lupinus, another group of these secondary metabolites are of
particular interest, namely the quinolizidine alkaloids (QA).

The QA in lupins are biosynthesized from the amino acid lysine in the leaf
chloroplast and translocated throughout the plant by the phloem (Magalhaes et al.,
2017; Wink et al., 1995; Paech & Tracey, 1955). They are further stored in the
seeds and epidermal cells of the plant (Wink et al., 1995) and play an important
role as a chemical defence towards biotic and abiotic stresses, e.g. herbivores, UV
radiation, and pathogens (Magalhaes ef al., 2017). Correspondingly, the bitter taste
in lupin seeds is caused by the QAs. Thus, lupins are divided into groups of sweet
and bitter varieties, where sweet varieties give seeds containing a lower amount of
QA and bitter varieties give seeds with higher levels (Cortés-Avendafio et al., 2020;
Magalhaes et al., 2017, Swi@cicki et al.,2015; Paech & Tracey, 1955).

The most abundant QAs in lupins are sparteine, lupinine and lupanine (BfR, 2017;
Carvajal-Larenas et al., 2016; Wink et al., 1995). Other QAs like albine, 3-
hydroxylupanine, 13-hydroxylupanine, angustifoline, a-isolupanine and
multiflorane are present in lower amounts. The QAs are toxic if consumed in high
doses and affect the nervous, circulatory, and digestive systems (BfR, 2017;
Malmgren et al., 2016). Severe lupin alkaloid intoxication can lead to
anticholinergic syndromes, resulting in symptoms like anxiety, worry, agitation,
delirium, dysarthria®, myoclonus®, dry skin and mucous membranes, fever, sinus
tachycardia, hypertension, urine retention and reduced bowel activity (Malmgren
etal.,2016).

Thus, the safety limit set by health authorities, in some countries, is a total alkaloid
content of 0.02 g/ 100 g of seeds in dry matter (DM) (Magalhaes et al., 2017). The
acute lethal dose is estimated to be 10 mg/ kg body weight (bw) for children and
infants, and 25 mg/kg bw for adults (BfR, 2017; Carvajal-Larenas et al., 2016).

The total alkaloid level in lupin seeds varies hugely between species, but also
among different cultivars within a species (BfR, 2017; Calabro et al., 2015). To
illustrate, the total alkaloid content (Table 5) in white lupin cultivars varies from
0.005 to 1.53 g/ 100 g seeds in dw (Calabro et al., 2015), NL lupin 0.015 to 1.4,

4 The term phytochemicals include compounds that are not reckoned as nutrients. Phytochemicals can have a
positive health impact on mammals although, it could also have adverse effects.

5 Speech impediment

¢ Involuntary and momentary twitches in muscles
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yellow lupin 0.008 to 1.5, and Andean lupin 0.007 to 4.5 (Musco et al., 2017,
Carvajal-Larenas et al., 2016; Lim, 2012; Wésche et al., 2001).

Further, older lupin varieties generally contained a higher content of alkaloids,
which complicated the utilisation of the seeds for food and feed purposes
(Fogelfors, 2015; Swiecicki et al., 2015). Also, extensive cultivation of the Andean
lupin has been limited due to its high-alkaloid levels (Villacrés et al., 2019;
Swigcicki et al., 2015). Lately, plant breeding towards a lower alkaloid level has
resulted in sweet varieties, safer for consumption (Magalhaes et al., 2017).

Table 5. Total alkaloid content (g/100g seed dw) and a selection of specific quinolizidine alkaloids
(%) present in four different lupin species

White lupin NL lupin Yellow lupin Andean lupin
Total content 0.005-1.53%4¢ 0.015-1.4°¢ 0.009-1.5%4 0.007-4.5¢
(g/100 g seed dw)
Composition (%)
Lupanine 70°-89.2¢ 40.7%°-70¢ 5¢-60° 64.4 (46-84.5)°
D-lupanine n.a n.a n.a 13¢
Sparteine 0.3 1.99" 30°-94.6% 12.6 (6.6-19.1)¢
Albine 15¢ n.a n.a‘ n.a‘
3-hydroxylupanine n.a‘ n.a° n.a‘ 12¢
13- 6.54"-8¢ 12¢-43.9¢ 10.3%" 9.5 (1.6-14.9)¢
hydroxylupanine
Angustifoline/ 3.3 10°-14.7¢ ND¢ 2.3 (0.6-5.4)¢
oxoasparteine
Multiflorine 3¢ n.a° n.a‘ 1(0.1-1.8)°
a-Isolupanine 1.2 ND ND 0.3¢

‘(Carvajal-Larenas et al., 2016), ¢ numbers based on own calculations from values presented by (Musco et al., 2017)
,(Calabro et al., 2015), asterisk (*) indicate mean value, not available (n.a), not detected (ND)

2.2.3. Other antinutritional factors in lupins

Compounds included as ANFs are commonly the proteins a-amylase inhibitors
(aAl), trypsin inhibitors (TI) and lectins, as well as glycosides; saponins, and a-
galactosides, and other substances like phytate, phytic acid, tannins, and oxalate
(Henriksson, 2017; Embaby, 2010). Although lupin seeds generally contain low
amounts of ANFs, there are some variations within and between species (BfR,
2017; Henriksson, 2017). The most common ANFs in lupins, with alkaloids as an
exception, are phytic acid, tannins, and saponins (Carvajal-Larenas et al., 2016).
Other articles also mention trypsin inhibitor activity (TIA), lectins,
oligosaccharides, and a-galactosides as prevalent ANFs in lupin seeds (Musco et
al., 2017; Embaby, 2010).

Phytic acid is a natural substance in plants which strongly binds to dietary minerals
such as iron, phosphorus and calcium, but it also has a high affinity to bind proteins
and starch (Parmdeep et al., 2015). At physiological pH, phytic acid is present in
its ionic form, phytate, with six negatively charged phosphate groups. In lupin seeds
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phytate is mainly located in the cotyledon, ranging from 0.5 to 2.7 %, Table 6
(Carvajal-Larenas ef al., 2016; Embaby, 2010; Petterson, 2004). These levels are
2- to 4-fold higher than the amount of phytic acid in chickpeas (Parmdeep ef al.,
2015). Additionally, Embaby (2010) observed that processing of the lupin seeds,
e.g. dehulling, increased the relative concentration of phytate.

Tannins are a common substance in plants (Petterson, 2004). Condensed tannins
have an antinutritive effect affecting the gut enzymes and give an astringent taste
to the legume grain. Tannins are mainly located in the lupin seed coat. Thus,
dehulling is a simple practice for tannin removal. Conversely, Lampart-Szczapa et
al. (2003) found that tannins were most abundant in lupin cotyledon, and dehulling
only led to an increase in these substances. This is also consistent with the findings
of Embaby (2010). Generally, tannin levels in lupin seeds vary widely between
species and varieties and ranges from 10 to 134 mg/ 100 g. Table 6 (Parmdeep et
al., 2015; Embaby, 2010; Petterson, 2004).

Saponins are glycosides and common in all type of plant material (Petterson, 2004).
Similar to the tannins, saponins affect the digestive system, especially the
permeability of the mucosa in the small intestine. Saponins give a bitter taste to the
seed and could, therefore, act as a food and feed deterrent. The presence of saponins
in lupin seeds ranges from 5.5 mg/ 100 g seeds of dw in yellow lupin to 1700 mg
in Andean lupin, Table 6.

The TIA is generally low in lupins (Parmdeep et al., 2015; Petterson, 2004). TIA
levels range from 13 (Petterson, 2004) to 174 mg/ 100 g of seed dw (Embaby,
2010), Table 6.

Lectins are heat-sensitive proteins and therefore significantly decreased by heat-
processing of legume grains (Embaby, 2010). In lupin seeds, the initial levels of
lectins are very low and only trace amounts can be detected, Table 6 (Petterson,
2004).

The oligosaccharides present in lupin seeds are mainly stachyose, raffinose and
verbascose (Musco et al., 2017; Carvajal-Larenas et al., 2016; Gross et al., 1988).
The levels vary from 5.2 % in NL lupin to 15.4 % in some Andean lupin varieties
(Petterson, 2004)

Lastly, the aAl activity ranges from 8.6% to 18.3% in some lupin cultivars
(Parmdeep et al., 2015). Notably, aAl activity in some cultivars of white and
yellow lupin was not detected at all, showing a wide variation among species and
cultivars.
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Table 6. ANF's in whole lupin seeds

White lupin NL lupin Yellow lupin ~ Andean lupin
Oligosaccharides (%) 7.5° 5.2¢ 12.32 14.8-15.4¢
aAl (%) 9.4-18.3° 9.1-12.6° 8.6-9.1°
Saponins (mg/100g) 144-193° 5.73-275° 5.59-247° 1700¢
fncl’gg%n;gi tannins 10°-134b 61-106° 2068 60°
Lectins® Trace® Trace® Trace®
TIA (mg/100 g) 132-174f 14?2 29*
Phytate (%) 0.79* 0.58* 0.96* 2.74¢

3(Petterson, 2004), ®(Parmdeep & Singh, 2017), *hemagglutination activity, ¢(Carvajal-Larenas et al 2017),
*(Gross et al., 1988), {(Embaby, 2010), empty box indicates that data is missing

2.2.4. Allergenic compounds

The increase in consumption of lupin seeds and lupin-based food has been followed
by a growing number of allergic reactions to lupins (EFSA, 2014). It has further
been noted that individuals with peanut- or soybean allergy also tend to react to
lupins.

Most of the research done on this topic has analysed varieties of the NL lupin. This
lupin species has several seed storage proteins, where the globulin proteins of a-
conglutin, fB-conglutin, §-conglutin and y-conglution are the most abundant
(Schlegel et al., 2019). Studies have shown that the f-conglutin is the major
allergen and therefore the cause of allergenic response in lupin seeds (Lima-Cabello
et al., 2019; Schlegel et al., 2019; EFSA, 2014; Lim, 2012). Consequently, this
particular protein has been classified as a recognized allergen by the allergen
nomenclature subcommittee (Schlegel et al., 2019), and since 2006, lupins are
included to the list of allergens by the EU (EU Directive 2006/142/EC). Thus, lupin
as an ingredient has to be highlighted on food labels (Schlegel ef al., 2019).

2.2.5. Health aspects

Inclusion of white lupin dry extract in the diet has indicated antidiabetic and
hypolipemic effects in individuals with diabetes type 2. Thus, lowering the
concentrations of fats in the blood (Bouchoucha et al., 2016). Also, whole white
lupin seeds and its lupin protein isolates (LPI) have been observed to have
cholesterol-lowering effects (Fontanari et al., 2012). The high content of dietary
fibres in lupin can also have a hypocholesterolemic effect (Pollard et al., 2002).
Lupin protein hydrolysates of NL lupin have indicated an anti-inflammatory effect
in humans, reducing chronic inflammation (Cruz-Chamorro et al., 2019; Millan-
Linares et al., 2014). Moreover, the relatively high content of oligosaccharides in
lupin can have positive effects on the digestive system, promoting the development
of beneficial gut microbiota, and thus stimulate the digestion in the large intestine
(Sobotka et al., 2016).
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2.3. Processing and utilisation of lupins

2.3.1. Traditional cooking

Further, soaking of lupin seeds can be performed on either dehulled or lupin seeds
with the hull. Soaking or debittering is essential for the removal of QA (BfR, 2017;
Carvajal-Larenas et al., 2016). Normally, the debittering process is implemented
by soaking seeds in water for 24 hours, but the process can be extended to up to 5
days with a change of water three times a day (BfR, 2017). Soaking is followed by
boiling, although boiling of lupin seeds are different compared to other legumes
that tend to go soft after some time. This is not the case for lupins as the seeds
remain its hard texture. Boiling reduces the amount of QA, as they are sensitive to
thermal treatment (Jiménez-Martinez et al., 2001), but could also increase the
number of off-flavours (Roland et al., 2017; Stephany et al., 2016; Stephany et al.,
2015). After soaking and boiling, lupins are commonly used in products such as
tempeh, falafel, miso, and soy (Petterson, 2004).

2.3.2. Industrial processing

The different fractions of relevance for lupin seed fractionation are proteins, oils
and fibres. Each fraction has different purposes within the food industry (Muranyi
et al., 2016). The thick seed coat of lupin seeds makes it more difficult to dehull
than other legumes although there is specialised equipment developed (Streckel &
Schrader, 2020). The concept of dehulling lupin seeds comprises two peeling
stones, where one is still and the other is moving, creating a force just enough to let
the seed coat snap. Thereafter, the hulls and cotyledons are separated by an air duct
where the air is flowing upwards. The light-weighted hulls rise with the air stream
and the cotyledons remain on the bottom ready to be collected. Lupin hull fibre is
used as a source of fibre in food. In Chile, hulls of the white lupin are toasted finely
ground and sold as a dietary fibre supplement, VITAFIBER® (OGTR, 2013). In
Australia, ground hulls of NL lupin have been included in bread at inclusion rates
of around 4% for many years.

Flaking of lupin seeds can be performed in a flake roller mill consisting of rollers
with high hydraulic pressure, which crushes the seeds to flakes (Streckel &
Schrader, 2020). For lupin seeds, the flaking process results in yellow flakes, which
further can be extracted from oil. Unlike for example canola and soybean, lupin is
not considered as a true oilseed (Bhardwaj et al., 2004), but the oil can be utilised
within the baking industry or in pasta, sausages and diet goods (Prolupin, 2020a).

Furthermore, the white flakes remaining from the oil extraction can further be
processed into lupin protein isolates (LPI). This process also gives fibre as a by-
product (Prolupin, 2020a). The LPI comprises of more than 90 % of protein in DM
(Prolupin, 2020b) and has received much attention as they are neutral in taste,
exhibit good emulsifying and foaming properties (Lqari et al., 2002). Therefore,
LPI has a high value in further food processing, functioning as fat-replacer but also
substituting egg and dairy in ice cream production and improving texture in pasta,
bakery products and sausages (Muranyi et al., 2016; Lqari et al., 2002).
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Fermentation of LPI or lupin milk (Snowden et al., 2007) can provide lupin-based
dairy alternatives (Hickisch & Schweiggert-Weisz, 2019; Hickisch et al., 2016).

Additionally, whole lupin seeds can be finely ground in a wind sifter, or hammer
cutter and a roller mill, or by dry milling followed by air classification, and used as
a flour additive in bread (Villarino et al., 2016; Petterson, 2004). It has been
observed that the addition of lupin flour to bread improves the technological
properties, sensory characteristics and the nutritional value (Piasecka-Jozwiak et
al.,2018). Piasecka-Jozwiak et al. (2018) observed positive effects on bread quality
by adding 15 % of lupin flour in sourdough bread with a base of wheat flour. Adding
more than 30 % of lupin flour in baking can result in low loaf volume, a “beany”

flavour, and “grassy”, “hay-like” odour, thus reducing the sensory acceptance
(Villarino et al., 2016).
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3. Method

This section describes the methodology implemented in this thesis. It is separated
into three sections which include a literature review, a market analysis of the present
situation in Sweden, and an experimental part, Figure 1. The literature review (2.
Theory) focused on providing information regarding the lupin in general; including
composition, nutritional value, anti-nutritional factors (ANFs), e.g. alkaloids, food
processing methods and application areas within the food industry. The market
analysis will include conversational material with Swedish actors within food
processing and manufacturing and thus clarify current attitudes towards lupin
utilisation. Lastly, the practical section will constitute an analysis of the total
alkaloid content in lupin seeds from different species and varieties.

THESIS METHODOLOGY

Experimental part

Market analysis

Literature review

Gathering information

regarding lupin in Mail- and phone

general, i.e.

Domesticated species

Composition
Nutritional status

correspondence with

actors in the Swedish
food industry, and

farmers to obtain an

Analysis of alkaloid
content in different
cultivars within three
Lupinus species

overview of the lupin

ANFs .
status in Sweden

Health aspects

Figure 1. Schematic overview of method applied in this thesis

3.1. Literature review

Scientific articles, journal articles governmental documents, and books have been
retrieved from databases, i.e. Primo, Google Scholar, Web of Science, Scopus and
PubMed. Articles have also been retrieved from newspapers, i.e. Land, Livsmedel
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i Fokus, and ATL. Information has been summarised for different purposes. The
first section (2. Theory) of the thesis aims to provide general aspects on the topic
and constitutes a foundation based on existing scientific studies.

3.2. Market analysis of lupins in Sweden

To get an overview of the utilisation of lupins in Sweden, a market analysis was
implemented. Unstructured interviews were performed, and the respondents were
asked how they perceive lupin as a protein crop, and as a food product. All
respondents had some kind of relation to lupins and consisted of two farmers that
cultivates lupins today, four actors within the food industry, and one researcher at
the Swedish University of Agricultural Sciences (SLU). Also, statistics were
obtained from Statistics Sweden.

3.3. Experimental procedure

Whole lupins seeds with hull were analysed for total alkaloid concentration. The
different species and varieties are displayed in Table 7, together with the year of
harvest and country of origin.

The yellow lupin seed varieties of Baryt, Mister and Burzstyn and the NL lupin
cultivar (c¢v.) Samba was obtained from RISE and originated from Poland, the
harvest year of 2017. One seed sample of the NL lupin cultivar Boregine was also
supplied by RISE. This sample was harvested in Sweden, but the year is unknown.

Further, two seed samples of NL lupin cv. Mirabor harvested in 2018 and 2019,
respectively, and two seed samples of Boregine harvested in 2017 and 2018, were
collected from Nordisk Ravara. These four samples originated from a farmer
located in north-western parts of Skane, Kvidinge, Sweden. Additionally, another
sample of cv. Boregine harvested in 2019 was collected directly from a farmer
located in central parts of Skane, Harlosa.

Seeds from a Bolivian variety of Andean lupin was supplied by SLU. The seeds
were harvested in Sweden the year of 2015.

The cultivars Boregine, Mirabor, Mister, and Baryt are considered as sweet
varieties of lupin. The Bolivian cultivar belongs to the group of bitter varieties. No
information on which group the lupin cultivars Samba and Bursztyn considered to
belong to was found.

Table 7. Lupin seeds obtained for this study, declaration of species, cultivar, year of harvest, code
used in analysis, supplier and country of origin

Species and Harvested Code Supplier Seeds
cultivar harvested

Yellow lupin
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Baryt 2017 LYBA RISE Poland

Bursztyn 2017 LYBUR RISE Poland
Mister 2017 LYMI RISE Poland
NL lupin

Samba 2017 NLSAM RISE Poland
Boregine Not specified BORI RISE Sweden
Mirabor 2018 MIRA18 Nordisk Révara Sweden
Mirabor 2019 MIRA19 Nordisk Ravara Sweden
Boregine 2017 BORE17 Nordisk Révara Sweden
Boregine 2018 BOREI18 Nordisk Révara Sweden
Boregine 2019 BORE19 Ekenéds farm Sweden

Andean lupin

Variety from 2015 MUTA SLU Sweden
Bolivia

3.3.1. Sample preparation

In total, 23 samples of lupin seeds from three different species (NL lupin, yellow
lupin and Andean lupin) and seven cultivars (MUTA, Samba, Boregine, Mirabor,
Baryt, Bursztyn, and Mister) were prepared for total alkaloid analysis. Of these, 10
seed samples (BORI1-BORI7, NLSAM1-NLSAM3) were soaked and oven-dried
before milling as a food processing step, to investigate how much of the alkaloids
that left the seeds during soaking, Table 8.

A sample of Boregine (BORI) was dehulled (by Streckel & Schrader, Hamburg,
Germany) and collected as dicotyledons and hulls separated. The intention of

dehulling the seeds was to study the distribution of total alkaloids in the lupin seeds
(BORI-H and BORICOT), Table 8.

Moreover, five samples (BORICONT, NLSAMCONT, LYBACONT,
LYMICONT, and LYBURCONT) with dry lupin seeds were milled without any
additional soaking and drying procedure. The aim was to contribute with reference
alkaloid concentration values to the soaked samples, Table 8.

The five samples of NL lupins (MIRA18, MIRA19, BORE17, BORE1§, BORE19)
were also milled, but without any processing, Table 8. The intention was to
investigate whether cultivation conditions, e.g. weather fluctuations and water
availability during plant growth, affected the levels of alkaloids in the seeds. While
the purpose of including seeds from an Andean lupin (MUTA) was to analyse the
total alkaloid content of a bitter lupin species.

Lastly, fat removal was performed for another flour sample, BORICONT, to test
whether fat influenced on the determination of total alkaloid concentration, as it
was described by Wallebroek (1940).
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Table 8. Total number of flour samples analysed for total alkaloid concentration
No. of Soaked and

Sample code samples dried Soaking time
NL lupin

BORI1-BORI7 7 Yes 1-7 days
BORICONT 1 No N/A
BORI-H Hulls only 1 No N/A
BORICOT Cotelydon only 1 No N/A
BORAF Defatted flour 1 No N/A
NLSAMI1-NLSAM3 3 Yes 1-3 days
NLSAMCONT 1 No N/A
BORE17 1 No N/A
BORE18 1 No N/A
BORE19 1 No N/A
MIRAI18 1 No N/A
MIRA19 1 No N/A
Yellow lupin

LYMICONT 1 No N/A
LYBACONT 1 No N/A
LYBURCONT 1 No N/A
Andean lupin

MUTA 1 No N/A
Total 24

3.3.2. Soaking and drying

The soaking process was implemented as an treatment according to the methods
described by BfR (2017) and Carvajal-Larenas et al. (2013), with some
modifications.

The seed samples (4 100 g) of each lupin variety (Table 9) were soaked in tap water
in a 1:6 lupin to water ratio. One replicate was performed for each treatment.
Soaking time ranged from one to seven days. The soaking water was changed three
times during the daytime, with six-hour intervals.

After soaking was completed, the samples were rinsed, spread onto an oven sheet
and dried in 50°C in a household oven for 12 hours.

Table 9. Species and cultivars of the soaked samples, including number of samples and number of
days in soaking

Material No. of samples Sample code Soaking time
NL lupin
Boregine 7 BORI24-BORI168 1-7 days
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Samba 3 NLSAM24-NLSAM72 1-3 days

3.3.3. Milling

The soaked and dried samples of BORI24 to BORI168, NLSAM24 to NLSAM?72,
and the samples of NLSAMCONT, BORICONT, LYBURCONT, LYBACONT
and LYMICONT were initially milled in a sample mill (Cemotec 1090 sample mill,
Foss A/S) at level 4 and again at level 2, to achieve a particle size of coarse grist.
Thereafter, a fine flour was obtained with Ultra Centrifugal Mill (Retsch ZM200)
to a final particle size of 0.5 mm. The samples were stored in a -18°C freezer until
time of analysis.

The samples of MIRA18, MIRA19, BORE17, BORE1S8, and BORE19 were milled
in a coffee grinder (Easy Grind, OBH Nordica) to a fine powder for approximately
30 seconds.

The seeds from the Andean Lupin (MUTA) were crushed in a pestle after applying
liquid nitrogen.

3.3.4. Defatting procedure
The defatting procedure followed the method described by Newton (2014).

The lupin flour (10 g) was combined with hexane (=99 %, Sigma-Aldrich) (30 ml),
1:3 (w/v). The beaker was covered with aluminium foil and the solution was stirred
for 2 hours at 360 rpm. The mixture was transferred to a 15 ml polycarbonate
centrifugal bottle and then centrifuged (Avanti centrifuge J-26 XPI, Beckman
Coulter, USA) for 15 min at 4°C, 5000g. Thereafter, the hexane was decanted, and
the remainder, i.e. the lupin flour, was evenly distributed on a glass tray and left to
dry under a fume hood for 24 hours to allow the rest of the hexane to evaporate.

3.4. Alkaloid analysis

The total alkaloid content of 24 samples was analysed using Dragendorff’s reagent
(DR) and a spectrophotometric method, Table 8. The method is referred to as an
analysis of total content since it includes all kinds of alkaloids combined and present
in the samples. The applied method was based on a study by Sreevidya and
Mehrotra (2003). The concept was to precipitate the alkaloids present in a lupin
seed extract by the addition of DR containing bismuth. The alkaloid-bismuth
complex was dissolved in sodium sulphide and nitric acid and measured in a
spectrophotometer, after the addition of thiourea. The absorbance values were
thereafter inserted in the linear equation from a calibration curve.

In this way, it was possible to estimate the total concentration of alkaloids as
bismuth-equivalents, as the formation of the alkaloid-bismuth complex is 1:1. Thus,
the amount of bismuth present in the sample reflects the level of alkaloids in the
plant material. The detailed protocol is declared in Appendix 2.
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3.4.1. Solutions and reagents

For the extraction of alkaloids from the lupin flour, diluted glacial acetic acid (2 %)
was used. Further, throughout the alkaloid analysis, reagents as ethanol (70 %), 1 %
solution of sodium sulphide nonahydrate (Na>S) (Sigma-Aldrich; purity 99.99+ %),
and concentrated HNOj3 and thiourea (CS) (3 %) was added to the samples.

The Dragendorff’s reagent (KBils) consisted of a mixture of bismuth(IIl) nitrate
pentahydrate (Bi(NO3);* 5 H,0) (Sigma-Aldrich; purity 98 %), glacial acetic
acid, potassium iodide (KI), and distilled water.

Further, the standard bismuth nitrate solution was prepared as a stock solution for
the calibration curve and consisted of (Bi(NO3)5 - 5 H,0), concentrated nitric acid
(HNO3), and distilled water. To form a yellow-coloured bismuth complex, 3 %
solution of thiourea (Sigma-Aldrich, Reagentplus TM, >=99.0 %) was added to the
standard bismuth nitrate pentahydrate stock solution prior to the spectrophotometric
measurement at the wavelength of 435 nm.

3.4.2. Extraction of alkaloids

The extraction of alkaloids from the different lupin flours was made in triplicates.
Initially, 0.25 to 0.5 g of lupin flour was weighed into 15 ml falcon tubes and 2.5
ml of a 2 % solution of acetic acid was added. The tubes were put on a shaker
(Rotaflex RM1, program F1) and shaken at 60 rpm for ten minutes and then
centrifuged (Jouan C3i centrifuge, SA) at 4000 rpm for 5 minutes. Thereafter, the
supernatant was collected by pipetting it into new falcon tubes. These steps were
repeated two times. Lastly, the pH of the extracts was maintained between 2-2.5
with 1M HCL

3.4.3. Procedure for Assay of Alkaloids and Plant extract

Initially, 1 ml from each extract was pipetted to Eppendorf tubes (2 ml) and 400 ul
of DR was added. A cloudy orange precipitate was formed, according to the formula

(D).
D KBil, + plant extract — (Bil;)(Alkaloid - HI)

Thereafter, the tubes were centrifuged in Heraeus Pico 21 Centrifuge (Thermo
Scientific) at 13000 rpm for 5 minutes. Thereafter, another 100 pl was added to the
tubes to control full precipitation and was followed by centrifugation. Thereafter,
the supernatants were decanted completely and meticulously. The remaining pellets
were washed with by adding 1 ml of 70% solution of ethanol and the tubes were
run in a shaker (Rotaflex RM1, program F1) at 60 rpm for 5 minutes. The washing
procedure was implemented to remove residual bismuth that did not form a
complex with the alkaloids. The samples with ethanol were centrifuged, and the
supernatant was discarded. The remaining pellet was treated with 400 pl of 1 %
solution of sodium sulphide to release the bismuth from the alkaloidal complex, and
a black-brown precipitate was formed. The samples were vortexed until the pellets
were completely black.
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Further, 400 pl of concentrated HNO3; was added to the tubes to dissolve the pellets
completely. Thereafter, the dilution up to 2 ml was made with distilled water and
the tubes were centrifuged at 13000 rpm for 5 minutes. Lastly, 50 ul of the
centrifuged solution was pipetted into new Eppendorf tubes and 150 pl of a mixture
containing concentrated HNO3, Na>S and distilled water in a ratio of 1:1:4 (v/v)
was added, creating a 4x dilution. To this, 1 ml of CS was added to form a yellow
bismuth complex, according to the formula (II).

(1D {Bi[CS(NH2)3]}(NO3)3

Hereafter, the 1 ml was added to cuvettes and absorbance was measured at 435 nm
with a spectrophotometer (Biochrom Ltd., WPA Biowave II UV/VIS, Nordic
biolabs) against a blank containing HNOj3 and CS.

3.4.4. Procedure for calibration curve

Series dilution of the standard bismuth nitrate pentahydrate stock solution was
performed by pipetting 1, 2, 3, 4, 5, 6, 7, 8, 9 ml of the solution into falcon tubes.
The solutions were diluted to 10 ml of volume. Thereafter, 1 ml from each dilution
was mixed in new falcon tubes with nitric acid, and thiourea to obtain a yellow-
coloured mixture. Each mixture was measured in a spectrophotometer (Biochrom
Ltd., WPA Biowave Il UV/VIS, Nordic biolabs) at 435 nm to obtain a calibration
curve.

3.4.5. Data processing

The absorbance values obtained from the spectrophotometric measurements were
integrated into the linear equation received from the calibration curve. By this, it
was possible to obtain an estimation of the total concentration of alkaloids, i.e.
bismuth equivalents, from each lupin seed sample. As the plant extracts were made
in triplicates, a mean concentration together with standard deviation and critical
difference for various parameters was calculated for each sample by using Minitab
Express software (p < 0.05, ANOVA). Additionally, multiple comparisons were
studied using Minitab, i.e. ANOVA, and Tukey’s post hoc test.
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4. Results

This paragraph will present the main results of the thesis divided into two sections.
Starting with the narratives from the market analysis (4.1) and closing with the
result from the alkaloid analysis (4.2).

4.1. Market analysis of lupins in Sweden

The market analysis is based on unstructured interviews with several actors within
the Swedish food industry. After summarising the material, it can be noted that
many of the respondents experienced that lupin is a rather unknown crop in Sweden,
and it is neither included as a horticultural crop nor an agricultural’. Therefore, no
basic framework, supportive networks or infrastructure exists. Thus, the knowledge
remains low regarding the usage of lupins for cultivation (e.g. potential pests and
diseases, and how to control these factors) and in food use (e.g. how to handle post-
harvest, non-existent processing facilities, allergenicity, utilisation of different
fractions of the seeds and their application in food).

In recent years, Swedish farmers have started to cultivate lupins more exclusively
for human food consumption®®. The harvest can go directly to products such as
minced legume mix (Baljvixtfirs, marketed in 2019)!° or as tempeh. The minced
legume mix consists of field peas (Pisum sativum cv. arvense), broad bean (Vicia
faba), and NL lupin seeds, and only require cleansing and milling of whole seeds
before production. The lupin tempeh is produced in Sweden and requires dehulling
prior to fermentation'!. Further, Bengtsson® mentioned that immature green lupin
seeds had a milder and sweeter taste compared to soaked and boiled mature lupin
seeds that could exhibit a bitter flavour. Also, another Swedish company sells dried
and whole NL lupin seeds directly to consumers 2.

There is a processing company’ focusing on post-harvest processing of peas and
lentils for human consumption. The company might be interested to expand their

7 Olof Christersson, CEO at Agortus AB, personal communication 20* of February 2020

8 Magnus Bengtsson, Farmer at Korslitts Farm in Kvidinge, personal communication 13" of May 2020
° Ronny Andersson, Farmer at Ekenés Farm in Harldsa, personal communication, 15 of January 2020
10 Anna Henning Moberg, Project developer at Axfoundation, personal communication, 14 of February
2020

11 Eslam Salah, CEO at Lupinta, personal communication, 9™ of June 2020

12 Gunnar Backman, CEO at Nordisk Ravara, personal communication, 3" of February 2020
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business to include lupin seeds but finds the allergenicity of lupin seed as a main
limitation.

Lupin is not a part of the official harvest statistics in Sweden as the total area of
cultivation is below 500 ha'’. However, data of the total cultivated area was
possible to retrieve'?, Figure 2. The largest area was reached in 2004 when 350 ha
of land was used for lupin cultivation. The majority of the harvest was used as
animal feed!'®. Thereafter, the year of 2011 and 2012 peaked with approximately
300 ha. In 2019, ~175 ha of land was used for lupin crops. According to Statistics
Sweden, all lupin seeds for cultivation in Sweden are imported. Bostrom'? adds that
there was a great interest in growing lupins, initially, but it steadily decreased as
grain yields were unreliable and the sowing seeds were expensive to purchase. Also,
financial supports from the EU are important from a cultivation perspective and
often determines how much protein crops that are cultivated. This could be an
affecting factor to the low cultivation area in 2009'3 in combination with a lower
interest of lupins in general. Germany is one of the countries in the EU that has
cultivated lupins extensively for human consumption. Also, Denmark cultivated
lupins to a broad extent but experienced a radical decrease as a result of diseases!?
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Figure 2. The total cultivation area (ha) of lupins in Sweden from 2000- 2019"

13 Gerda Léndell, Department of agricultural- and energy statistics at Statistics Sweden, e-mail
correspondence, 25™ of February 2020

14 Ulla-Lena Bostrom, research group leader, Department of Crop Production Ecology, personal
communication, 20" of May 2020
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4.2. Alkaloid analysis

4.2 1. Total alkaloid content in different cultivars

The mean alkaloid concentration in dw for the five different lupin cultivars obtained
from RISE varied from 0.45 % to 1.37 %, Figure 3. A higher concentration was
observed for the Andean lupin variety MUTA, the yellow lupin Baryt, and NL lupin
Boregine reaching values of 1.37 £+ 0.09 %, 1.03 £+ 0.01 %, and 0.81 £+ 0.07 %
respectively. The yellow lupin cultivar of Bursztyn contained 0.66 + 0.01 % of
alkaloids, while the lower amount was seen for the NL lupin Samba (0.46 £ 0.03
%) and the yellow lupin variety Mister (0.46 £+ 0.01 %).
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Figure 3. Alkaloid concentration (%) for three yellow lupin varieties (Baryt, Bursztyn and
Mister), two cultivars of NL lupin (Samba and Boregine) and one Andean lupin cultivar
(MUTA). Means that do not share a letter are significantly different (p < 0.05)

The ANOVA showed a significant difference (p <0.05) in the total alkaloid
concentration between all the different cultivars, except for the cultivars of Samba
and Mister. The post-hoc comparison analysis showed that the lupin seeds from the
cultivars of MUTA, Baryt, Bursztyn and Boregine were significantly different
(p <0.05) in alkaloid content to each other, and to the cultivars of Samba and Mister
(Figure 3). Although, no significant difference was observed between the cultivars
of Mister and Samba on a significance level of 95%.
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4.2.2. The effect of year of harvest on alkaloid content

The NL lupin seeds cv Boregine and Mirabor from harvest years of 2017, 2018 and
2019 originating from two different farmers showed varying mean alkaloid
concentrations, Figure 4.

Boregine lupin seeds harvested in 2017 reached a mean alkaloid level of 0.41 +
0.03 %, Figure 4. Further, the seeds harvested 2018 resulted in a mean alkaloid
concentration of 0.65 £ 0.06 % and 0.57 £ 0.03 %, for the cultivar of Boregine and
Mirabor, respectively. Lower amounts of alkaloids were observed in lupin seeds
from 2019, whereas Boregine contained 0.29 + 0.02 % and Mirabor 0.3 £ 0.02 %.

The ANOVA indicated a significant difference (p < 0.05) between the three harvest
years of cv. Boregine, Figure 4. This was also observed for the Mirabor cultivar.

The post hoc pairwise comparison for the seeds of Boregine from 2017, 2018 and
2019 also shows that all seed samples were significantly different (p < 0.05) in
alkaloid content to each other, Figure 4. The results from the seeds of cultivar
Mirabor showed a similar outcome as Boregine. However, there was no significant
difference between the two cultivars harvested in 2018, Figure 4.
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Figure 4. Total alkaloid concentration in NL lupin seeds from cultivars of Boregine harvested in
2017, 2018, and 2019 and Mirabor harvested in 2018 and 2019. Means that do not share a letter
are significantly different (p < 0.05) in comparisons between years of the same cultivar.
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The two-way ANOVA indicated no significant variation between the two cultivars
of Boregine and Mirabor harvested 2018 and 2019 on a 95 % significance level,
upper-right corner in Figure 5. However, the alkaloid concentration varied
considerably between the two harvest years (p < 0.05). Further, the ANOVA
indicated that cultivar X year interactions were significant (p < 0.05) for the total
alkaloid concentration, showing non-parallel lines in the lower-left corner, Figure
5.
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Figure 5. Interaction plot for total alkaloid concentration (%) between the cultivars of Boregine
and Mirabor the harvest years of 2018 and 2019

4.2.3. Total alkaloid content in lupin seed cotyledon, and hull

The mean alkaloid content in the different seed components from cultivar Boregine
showed values of 0.04 + 0.02 % and 0.50 £ 0.04 % in seed hulls and seed
cotyledon, respectively, Figure 6. The ANOVA test indicated a significantly lower
concentration of alkaloids in lupin seed hulls compared to the seed cotyledon
(p <0.05). Further, the post hoc comparison test strengthens the hypothesis of a
significant difference in mean alkaloid concentrations between the different seed
material, Figure 6.
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= Boregine cotelydon = Boregine hulls

Figure 6. The total alkaloid concentration (%) for Boregine seed cotyledon and hulls,
and its distribution throughout the whole lupin seed. Means that do not share a letter
are significantly different

424, The effect
of soaking on alkaloid content

The alkaloid concentration varied over time for the soaked seed samples of NL
lupin cv. Boregine and cv. Samba (Figure 7). The seeds of Boregine that were
soaked within a time interval of 1 to 7 days gave a mean alkaloid concentration (%)
ranging from 0.41 to 0.74, Table 10. The mean alkaloid concentration in NL lupin
cv. Samba soaked for 1 to 3 days varied from 0.55 to 0.70 %, Table 11.

There was a significant difference (p < 0.05) between the mean values for alkaloid
concentration in the soaked Boregine samples, Table 10. Although, it is important
to highlight that the sample soaked for 4 days only was grounded to coarsely grist,
which may have influenced the extraction of alkaloids from the lupin material, see
Discussion. A significantly (p < 0.05) lower alkaloid concentration was observed
for the sample that was soaked for 24 hours, with a concentration 40 % lower than
the control sample. Additionally, the post hoc test showed that the 24 hours-sample
had significantly (p < 0.05) lower levels of total alkaloids in comparison to all the
other soaked samples, Table 10. Further, differences (p < 0.05) between the control
sample and the samples soaked for 2, 3, 3, and 7 days were non-significant, Table
10. Additionally, the sample soaked for 6 days deviated significantly (p < 0.05) in
alkaloid concentration from the control samples and the samples soaked for 2 and
3 days but did not differ from the samples soaked for 5 and 7 days, Table 10.
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Figure 7. Average of the total alkaloid concentration (%) in the NL lupin cv. Boregine and Samba.
Soaking time ranged from 1 to 7 days for Boregine and 1 to 3 days for Samba. The control samples
consisted of whole seeds without soaking or drying (n=3)

Table 10. Average alkaloid concentration (%) for NL lupin cv. Boregine control sample and samples
soaked for 1 to 7 days (n=3)

Days of soaking Mean alkaloid concentration (%) Change (%)
Control 0.81+0.07a

1 048+ 0.04c -40.3

2 0.76 £0.03 a -6.4

3 0.74 £ 0.0l a -8.7

4 041+0.05c¢ -49.7

5 0.72 £ 0.04 ab -11.8

6 0.62+0.02b -23.8

7 0.74 £ 0.04 ab -9.5

+ indicate standard deviation, means that do not share a letter are significantly different on a 95 %
significance level

The ANOVA for the soaked samples of cv. Samba indicated no significant
difference between the total alkaloid concentrations on a confidence interval of
95 %, Table 11. The soaking resulted in a non-significant increase in alkaloid
content compared to the control sample, Table 11.
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Table 11. Average alkaloid concentration (%) for NL lupin cv. Samba control sample and samples
soaked for 1 to 7 days (n=3)

Days of soaking Mean alkaloid content (%) Change (%)
Control 0.46+0.03 a

1 0.55 £ 0.06 a 19.5

2 0.56 £0.13 a 20.8

3 0.70£0.16 a 51.5

+ indicate standard deviation, means that do not share a letter are significantly different (p < 0.05)

4.2.5. Defatted lupin flour from cv. Boregine

The defatting procedure of Boregine lupin flour resulted in a total alkaloid
concentration of 0.69 + 0.05 % for sample BORAF. Meanwhile, the control sample
with fat (BORF) showed a concentration of 0.81 + 0.07 %, Figure 8. The mean
alkaloid concentration in BORF sample was 14 % higher compared to BORAF
sample. Although, no significant difference was observed between the two-sample
means after running ANOVA (p <0.05).
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Figure 8. The total alkaloid concentration (%) for defatted lupin flour (BORAF) and control sample
(BORF) with fat. Means that do not share a letter are significantly different
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5. Discussion

The following section will discuss the findings from the market analysis which
included how different actors perceived lupins for human consumption and possible
solutions to some of the challenges. From the alkaloid analysis, elucidating aspects
will be presented regarding the differences in alkaloid content between lupin
species and cultivars, and how the alkaloid concentration was affected by year of
cultivation. Furthermore, the alkaloid distribution in the lupin seed and the effect
of soaking on alkaloid levels will be deliberated. Lastly, the applied method, in this
study, will be contemplated, and the section will conclude with suggestions for
further research.

5.1. Market analysis of lupins in Sweden

There are only a few Swedish lupin-based products on the market today and a small
number of actors within the food industry focusing on lupin product development.
The lack of processing facilities in Sweden limits further lupin utilisation and
product development. Nonetheless, actors are perceived as motivated to expand the
utilisation of lupins and to ultimately invest in lupin processing equipment.
Similarly, many respondents experience that there is a demand for lupin seeds for
human consumption. However, the lack of knowledge regarding post-harvest
processing of lupin constitutes a limitation for the optimal introduction of the lupin-
based products to consumers. A multi-corporate collaboration might be a part of a
solution to this challenge (AGFO Talks, 2020). In a multi-corporate collaboration,
stakeholders would put aside the competition and work together to develop a
strategy on how to properly introduce Swedish grown protein crops on the market.
Also, decision-makers could largely influence on increased cultivation of lupins in
Sweden by providing agricultural subsidies to the primary producers. Construction
of a governmental body of knowledge could be an alternative to increase expertise
in the area (Emgardsson, 2020).

5.2. Alkaloid content

Starting with the seeds without any treatment; the highest mean alkaloid
concentration was observed for the Andean lupin (1.37 %), which was expected as
this lupin species could produce seeds with alkaloid levels up to 4.5 % (Carvajal-
Larenas 2017). However, the concentration obtained for the yellow lupin cultivars
Baryt (1.03 %) and Mister (0.45 %) was not expected to be as high, as earlier
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findings indicated that these varieties should have considerably lower alkaloid
concentration (in DM), only reaching 0.01 % (Ksi¢zak et al., 2018) and 0.01-
0.26 % (Ksigzak et al., 2018; Musco et al., 2017), respectively. The explanation for
the high alkaloid content of the cultivar Baryt in this study could be that the seeds
originated from the harvest year of 2017. Storage can increase the relative
concentration of alkaloids (Dobiesz et al., 2017). Likewise, the alkaloid content in
Boregine (0.81 %) was higher in this study compared to literature. Here, Jansen et
al. (2012) found that mean alkaloid content was 0.034 %. The Boregine seeds used
in this part of the study were grown in Sweden, but the year of harvest is unknown.
However, environmental factors could have affected the alkaloid in this particular
sample, but as some information is missing, it is impossible to draw any conclusion.

Moreover, the comparison of the two different NL lupin varieties, Mirabor and
Boregine, harvested 2018 and 2019, showed that the alkaloid content is more
strongly correlated to the impact of harvest year than by cultivar. This is in line with
the results observed in another study (Calabro et al., 2015). However, Calabro et
al. (2015) also observed that the alkaloid levels were strongly influenced by cultivar
and the yearXcultivar interaction. The significantly higher alkaloid level observed
in the seeds harvested the year 2018, in this study, could have been a cause of a
great many factors. The extreme drought in Sweden the year of 2018 could have
been an affecting factor, as other studies found that drought stress increased the
content of QAs in lupin seeds (Frick et al., 2017; van de Noort, 2017; Carvajal-
Larenas et al., 2016). Another study concluded that high alkaloid content in the NL
lupin seeds significantly correlated with high temperatures during pod ripening
(Jansen et al. 2009). Also, soil pH (Jansen et al. 2012), low humidity (Cortés-
Avendafio et al. 2020), deficiency of minerals (Frick et al. 2017) play an important
role in alkaloid accumulation in lupin seeds. Important to highlight is that other
lupin species and cultivars might have a different response to abiotic stresses
(Staples et al., 2017; Carvajal-Larenas et al., 2016). Here, Magalhaes et al. (2017)
found that a yellow lupin cultivar experienced a lower alkaloid content when
cultivated in the warmer climate of the Mediterranean regions. However, the aim
of this study was not to investigate the effect of cultivation conditions on alkaloid
content but to elucidate that the year of cultivation significantly affected the
alkaloid concentration in the lupin seeds. Nonetheless, it is of relevance to
emphasise that many factors affect the alkaloid accumulation in the lupin seed
during cultivation. It is of great importance to identify the factors that have the
largest impact on the alkaloid content to be able to grow lupin for human
consumption.

Regarding the distribution of alkaloids in the lupin seed, it was observed that the
seed coat contained considerably lower amounts of alkaloids compared to the
cotyledon. This is consistent with other studies (Sumire-Qquenta et al., 2019;
Sedlékova et al., 2016; Parmdeep et al., 2015; OGTR, 2013; Petterson, 2004),
indicating that the seed hulls mainly contain cellulose, hemicellulose and lignin.
Thus, the bitter taste that is believed to be caused by alkaloids cannot be diminished
by industrial dehulling of the seeds. On the contrary, the dehulling process could
instead increase the relative concentrations of the alkaloids and other bitter-tasting
ANFs, i.e. saponins and tannins (Embaby, 2010). However, dehulling can also have
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the positive effect of increasing the bioavailability of calcium, iron and zinc
(Karnpanit et al., 2017).

Implementing a debittering process has been proven to reduce the alkaloid content
considerably in lupin seeds (Villacrés et al., 2020; Cordova-Ramos et al., 2019;
Sumire-Qquenta et al., 2019; Carvajal-Larenas et al., 2016). Villacrés et al. (2020)
were able to remove 80 % of total alkaloids in Andean lupin by hydrating and
cooking the seeds in saline (0.5 % NaCl) water at temperatures of 80°C and 91°C,
respectively. However, in this thesis, the hydrated lupin seeds were not subjected
to any hydrothermal process. The reasoning behind this was that studies implied
that high-temperature thermal treatments might increase the number of off-flavours
(Roland et al., 2017; Stephany et al., 2015), thus lowering the sensory acceptance
(Stephany et al., 2015). The results from the soaking of lupin seeds had ambiguous
effects on the alkaloid concentration. The seed flour from NL cultivar Boregine
soaked for 1 day showed a 40 % decrease in alkaloid concentration compared to the
control sample. Also, the sample soaked for 4 days showed almost 50 % decrease
in QA content. Important to highlight is that this sample only was coarsely
grounded, which may have made the alkaloid extraction less efficient than for the
other soaked samples. Hence, conclusions cannot be drawn from this sample. The
remaining samples (2, 3, 5, 6, and 7 days) only showed a non-significant declination
in alkaloid content. Nevertheless, the soaked seeds of NL lupin cultivar Samba
showed contradictive results. Here, soaking indicated a slight increase in alkaloid
content, although, not significant. Possible cause of this is difficult to determine.
Embaby (2010) reports a significant increase of 6.3 % in tannins in lupin seeds from
sweet varieties after soaking for 24 hours. This is considered to be related to
hydrolysis of high molecular weight insoluble polymers to small molecular weight
soluble polymers (Embaby, 2010). It can, therefore, be hypothesised that this theory
might apply to the lupin alkaloids, and thus, be the cause of the slight increase
observed in the soaked seeds of Samba. Another explanation could be that there is
an increase of the relative concentration of alkaloids in the lupin seeds, as water-
soluble compounds, i.e. vitamins, minerals, and monosaccharides are leached to
soaking water (Villacrés et al, 2020). Also, the extraction efficiency of the
alkaloids could have been affected by the soaking of lupin seeds. Thus, this could
have been a factor causing the slight elevation of alkaloid content in seeds of
Samba. However, if this was the case, the same trend should have been observed in
the soaked seeds of Boregine as well, but it was not. To sum up, soaking affected
the total alkaloid concentration in this study, although, ambiguously and in one case
non-significantly. However, this conclusion is based on the statistical variation
from the alkaloid analysis, performed in triplicates. Important to highlight is that
the initial soaking of the lupin seeds was only carried out in one replicate for each
sample. Therefore, it is not possible to determine the repeatability of the applied
method. All things considered, it was not sufficient to remove the majority of
alkaloids from the lupin seeds by hydration and oven-drying in this study. Thus,
application of hydrothermal treatment could be essential from a food safety
perspective (Villacrés et al., 2020; Jiménez-Martinez et al., 2001).
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The reliability of the method chosen to quantify alkaloids in this study could be
questioned. The analysis was performed without Soxhlet-extraction of the fat and
with acetic acid. Nonetheless, no significant difference in alkaloid concentration
was observed between the defatted lupin flour sample and the flour sample
containing fat. This suggests that the fat in the lupin seed samples did not
significantly influence the alkaloid content in the extract. Thus, this refutes the
hypothesis of Wallebroek (1940) implying that fatty oil content had a disturbing
effect on the alkaloids. Furthermore, the extraction by acetic acid might have
resulted in precipitation of other interfering substances. On the contrary, acidic
solutions are commonly used for alkaloid extractions (Christiansen et al., 1997,
Frick et al., 2017). One could also speculate whether the structure of the alkaloids
in the lupin samples might have influenced the precipitation with Dragendorff’s
reagent. However, to the best of authors' knowledge, there are no reports
considering this matter. Moreover, the Dragendorff’s method is an established
method for analysing alkaloid content in comparative studies (Staples et al., 2017,
Sreevidya & Mehrotra, 2003) and expresses only the total alkaloid content
(Harrison & Williams, 1982). To control the reliability of the results, the efficiency
of the alkaloid extraction, qualitative and quantitative determination of the
composition of QA in this study, other methods could have been implemented, such
as GC-MS (Cortés-Avendaiio et al., 2020) or HRGC-MS (Musco et al., 2017).
However, there is no certified method for alkaloid detection and quantification
today (Frick et al, 2017). This indicates that an improved and comprehensive
methodology is needed to be able to monitor the alkaloid content in lupin seeds for
food safety purposes.

For future research, it would be interesting to test the debittering method described
by Villacrés ef al. (2020) and further investigate how soaking effects the alkaloids
content in lupin seeds. Also, germination and fermentation have been observed to
reduce the alkaloid content and other ANFs (i.e. phytate) considerably, while also
increasing the sensory properties (Kaczmarska et al., 2017; Carvajal-Larenas et al.,
2016; Kaczmarek et al., 2016). Lastly, investigating the sensory properties of
immature NL lupin seeds could be another suggestion for further research. As
Bengtsson!®> mentioned that the flavour is sweeter and milder than of mature, dried
NL lupin seeds.

15 Magnus Bengtsson, farmer at Korslétts Farm, Kvidinge, Skane, personal communication 13th of May 2020
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Conclusion

In the present study, a market analysis was implemented to investigate how lupin
is perceived as a protein crop for human consumption in Sweden. Also, an alkaloid
analysis was carried out to compare the total alkaloid content between lupin species
and cultivars. The effect of year of harvest and soaking on alkaloid concentration
was studied as well as the distribution of alkaloids in the lupin seeds.

The market analysis indicated that further utilisation of lupin for human
consumption is mainly limited by the absence of processing facilities, limited
knowledge-base, and basic frameworks. Nonetheless, actors are perceived as
motivated to expand their lupin cultivation and production of lupin products.

Significant variations in alkaloid content were observed between lupin species and
cultivars. The year of cultivation strongly affected the alkaloid concentration in NL
lupin seeds. Drought stress could be one explanation, but it is likely that many other
factors also affect the alkaloid biosynthesis during cultivation.

It was confirmed that the alkaloids are mainly located in the lupin cotyledon. Thus,
the bitter-tasting alkaloids of lupin cannot be removed by the dehulling process. An
alternative for alkaloid removal is soaking of the lupin seeds. However, soaking
had an ambiguous effect on the alkaloid content in this study. Therefore, soaking
of lupin seeds in saline water followed by a hydrothermal treatment could reduce
the alkaloids to a greater extent. This could diminish the bitter taste and increase
the palatability of lupins in food products.

To the best of the authors' knowledge, this was the first study that included an
alkaloid analysis on Swedish-grown lupin seeds. The concluding remarks are that
more research is needed to identify the abiotic stresses that have the greatest impact
on alkaloid accumulation in lupin seeds, gain knowledge on how to properly reduce
the alkaloid content in lupin seeds by processing, and developing a suitable method
for alkaloid detection and quantification. All these aspects are essential to provide
a lupin product safe for human consumption.

35



References

AGFO Talks (2020). Jakten pa svenskt vixtbaserat protein [video]. Stockholm,
Sweden. Available at:
https://www.youtube.com/watch?time_continue=3&v=I100nIW3B2A &fea
ture=emb_logo [2020-06-13].

Alemu, F., Asmare, B. & Yeheyis, L. (2018). Growth, yield and yield component
attributes of narrow-leafed lupin (Lupinus angustifolius L.) varieties in the
highlands of Ethiopia. Tropical Grasslands-Forrajes Tropicales, 7(1), pp.
48-55.

Alexander, P., Rounsevell, M.D.A., Dislich, C., Dodson, J.R., Engstrom, K. &
Moran, D. (2015). Drivers for global agricultural land use change: The
nexus of diet, population, yield and bioenergy. Global Environmental
Change, 35(C), pp. 138-147.

Anderberg, A. & Anderberg, A.-L. (2017). Den virtuella floran. Stockholm:
Naturhistoriska riksmuseet. Available from: http://linnaeus.nrm.se/flora
[2020-03-26].

Baciak, M., Sikorski, L., Piotrowicz-Cie$lak, A.l. & Adomas, B. (2015). Activity
of anti-oxidant enzymes of yellow lupin (Lupinus luteus, L.) which grows
in soil polluted with oxytetracycline in different light conditions. In:
Capraro, J., Duranti, M., Magni, C. & Scarafoni, A. (eds) Proceedings of
Proceedings of the XIV International Lupin Conference, Milan, Italy, p.
42,

Bhardwaj, H.L., Hamama, A.A. & van Santen, E. (2004). Fatty acids and oil
content in white lupin seed as affected by production practices. Journal of
the American Oil Chemists' Society, 81(11), pp. 1035-1038.

Bouchoucha, R., Kacem Ben Fradj, M., Bouchoucha, M., Akrout, M., Feki, M.,
Kaabachi, N., Raies, A. & Slimane, H. (2016). Effect of Lupinus albus on
Glycaemic Control, Plasma Insulin Levels, Lipid Profile and Liver
Enzymes in Type 2 Diabetics. Journal of Food and Nutrition Research,
4(9), pp. 615-620.

Breiia, D., Pascual, G.E., C., Camarena, F. & Mostacero, E. (2019). Obtaining a
protein isolate from lupin cake (Lupinus mutabilis sweet) and evaluation
of its techno-functional properties. In: Ximena, C.G., A., Planchuelo, A. &
Ravelo, A. (eds) Proceedings of International Lupin Conference,
Cochabamba, Bolivia: Fundacion PROINPA, p. 53.

Béckstrom, K. (2018). Radda dngen: Slass mot lupiner den 6 juni. Djur & Natur.
Available from: https://www.land.se/djur-natur/radda-angen-slass-mot-
lupiner-den-6-juni/ [2020-01-15].

Béhr, M., Fechner, A., Hasenkopf, K., Mittermaier, S. & Jahreis, G. (2014).
Chemical composition of dehulled seeds of selected lupin cultivars in
comparison to pea and soya bean. Lebensmittel-Wissenschaft &
Technologie - Food Science and Technology, 59(1), pp. 587-590.

36



Calabro, S., Cutrignelli, M.I., Lo Presti, V., Tudisco, R., Chiofalo, V., Grossi, M.,
Infascelli, F. & Chiofalo, B. (2015). Characterization and effect of year of
harvest on the nutritional properties of three varieties of white lupine
(Lupinus albus L.). Journal of the Science of Food and Agriculture,
95(15), pp. 3127-36.

Carvajal-Larenas, F.E., Koziol, M., Linnemann, A.R., Nout, M.J.R. & van
Boekel, M.A.J.S. (2015). Consumer liking, purchase intent, and
willingness to pay for Lupinus mutabilis Sweet in relation to debittering
treatments. Food Quality and Preference, 40, pp. 221-229.

Carvajal-Larenas, F.E., Linnemann, A.R., Nout, M.J.R., Koziol, M. & van
Boekel, M.A.J.S. (2016). Lupinus mutabilis: Composition, Uses,
Toxicology, and Debittering. Critical Reviews in Food Science and
Nutrition, 56(9), pp. 1454-1487.

Carvajal-Larenas, F.E., Nout, M.J.R., van Boekel, M.A.J.S., Koziol, M. &
Linnemann, A.R. (2013). Modelling of the aqueous debittering process of
Lupinus mutabilis Sweet. Lebensmittel-Wissenschaft & Technologie -
Food Science and Technology, 53(2), pp. 507-516.

Chew, P.G., Casey, A.J. & Johnson, S.K. (2003). Protein quality and physico-
functionality of Australian sweet lupin (Lupinus angustifolius cv.
Gungurru) protein concentrates prepared by isoelectric precipitation or
ultrafiltration. Food Chemistry, 83(4), pp. 575-583.

Christiansen, J. L., Jornsgard, B., Buskov, S., & Olsen, C. E. (1997). Effect of
drought stress on content and composition of seed alkaloids in narrow-
leafed lupin, Lupinus angustifolius L. European Journal of
Agronomy, 7(4), 307-314. Available at:
https://www.sciencedirect.com/science/article/pii/S1161030197000178
[2020-06-13].

Cérdova-Ramos, S.J., Paulet Glorio, P., Brandolini, A. & Hidalgo, A. (2019).
Nutritional changes in Andean lupin (Lupinus mutabilis) after processing.
In: Ximena, C.G., A., Planchuelo, A. & Ravelo, A. (eds) Proceedings of
International Lupin Conference, Cochabamba, Bolivia: Fundacion
PROINPA, p. 56.

Cortés-Avendano, P., Tarvainen, M., Suomela, J.P., Glorio-Paulet, P., Yang, B.R.
& Repo-Carrasco-Valencia, R. (2020). Profile and Content of Residual
Alkaloids in Ten Ecotypes of Lupinus mutabilis Sweet after Aqueous
Debittering Process. Plant Foods for Human Nutrition.

Cruz-Chamorro, L., Alvarez-Sanchez, N., Millan-Linares, M.d.C., Yust, M.d.M.,
Pedroche, J., Millan, F., Lardone, P.J., Carrera-Sanchez, C., Guerrero,
J.M. & Carrillo-Vico, A. (2019). Lupine protein hydrolysates decrease the
inflammatory response and improve the oxidative status in human
peripheral lymphocytes. Food Research International, 126, p. 108585.

de Boer, J. & Aiking, H. (2019). Strategies towards healthy and sustainable
protein consumption: A transition framework at the levels of diets, dishes,
and dish ingredients. Food Quality and Preference, 73, pp. 171-181.

Dobiesz, M., Piotrowicz-Cieslak, A. 1., & Michalczyk, D. J. (2017). Physiological
and biochemical parameters of lupin seed subjected to 29 years of
storage. Crop Science, 57(4), 2149-2159.

Encyclopaedia Britannica (2020). Stems. In: Monopodial branching. Available
from: https://www.britannica.com/plant/angiosperm/Stems#ref596614
[2020-05-13].

37



Embaby, H. (2010). Effect of soaking, dehulling, and cooking methods on certain
antinutrients and in vitro protein digestibility of bitter and sweet lupin
seeds. Food Science and Biotechnology, 19(4), pp. 1055-1062.

Emgardsson, P. (2020). Kritik: Lag kunskap om lantbruksteknik. Land Lantbruk,
12 of June.

European Food Safety Authority (EFSA) (2014). Scientific Opinion on the
evaluation of allergenic foods and food ingredients for labelling purposes.
EFSA Journal, 12(11), p. 286.

Federal Institute for Risk Assessment (BfR) (2017). Risk assessment of the
occurrence of alkaloids in lupin seeds: The Federal Institute for Risk
Assessment. doi: 10.17590/20170530-142504

Fogelfors, H. (2015). Var mat : odling av aker- och trddgardsgrédor : biologi,
forutsattningar och historia. 1. uppl. ed. Lund: Studentlitteratur.

Foley, A.J., Ramankutty, N., Brauman, A.K., Cassidy, S.E., Gerber, S.J.,
Johnston, M., Mueller, D.N., O’connell, C., Ray, K.D., West, C.P., Balzer,
C., Bennett, M.E., Carpenter, R.S., Hill, J., Monfreda, C., Polasky, S.,
Rockstrom, J., Sheehan, J., Siebert, S., Tilman, D. & Zaks, P.M.D. (2011).
Solutions for a cultivated planet. Nature, 478(7369), p. 337.

Fontanari, G.G., Batistuti, J.P., Cruz, R.J.d., Saldiva, P.H.N. & Aréas, J.A.G.
(2012). Cholesterol-lowering effect of whole lupin (Lupinus albus) seed
and its protein isolate. Food Chemistry, 132(3), pp. 1521-1526.

Food and Agriculture Organisation of the United Nations (FAO) (2016). The state
of food and agriculture. Rome. Available at:
http://www.fao.org/publications/sofa/2016/en/

Food and Agriculture Organisation of the United Nations (FAQO) (2018). The
future of food and agriculture - Alternative pathways to 2050. Summary
Version. Rome. Available at:
http://www.fao.org/3/CA1553EN/cal553en.pdf [2020-05-24]

Frick, K.M., Kamphuis, L.G., Siddique, K.H.M., Singh, K.B. & Foley, R.C.
(2017). Quinolizidine Alkaloid Biosynthesis in Lupins and Prospects for
Grain Quality Improvement. Frontiers in Plant Science, 8(87).

Garnett, T., Benton, T., Nicholson, W. & Finch, J. (2016). Overview of food
system challenges In: Lee-Gammage, S. & Persson, M. (eds) FCRN Food
Source. University of Oxford: Food Climate Research Network.

Gresta, F., Wink, M., Prins, U., Abberton, M., Capraro, J., Scarafoni, A. & Hill,
G. (2017). Lupins in European Cropping Systems. In: Murphy-Bokern, D.,
Stoddard, F.L. & Watson, C.A. (eds) Legumes in Cropping Systems CAB
International p. 21. Available at: https://www.uni-
heidelberg.de/institute/fak 14/ipmb/phazb/pubwink/2017/2017.20.pdf
[2020-05-13].

Gross, R., Von Baer, E., Koch, F., Marquard, R., Trugo, L. & Wink, M. (1988).
Chemical composition of a new variety of the Andean lupin (Lupinus
mutabilis cv. Inti) with low-alkaloid content. Journal of Food
Composition and Analysis, 1(4), pp. 353-361.

Hajer, M., Westhoek, H., Ingram, J., van Berkum, S. & Ozay, L. (2016). Food
Systems and Natural Resources: United Nations Environmental
Programme.

Hallstrom, E. (2015). Sustainable nutrition.: Opportunities, risks and uncertainties
from environmental and health perspectives. Diss. Lund: Lunds
University.

38



Hallstrom, E., Carlsson-Kanyama, A. & Borjesson, P. (2015). Environmental
impact of dietary change: a systematic review. Journal of Cleaner
Production, 91, pp. 1-11.

Hanson, J.R. (2003). Natural products : the secondary metabolites. (Tutorial
chemistry texts, 17. Cambridge: Royal Society of Chemistry.

Harrison, J. E., and Williams, W. (1982). Genetical control of alkaloids in
Lupinus albus. Euphytica 31, 357-364. doi: 10.1007/BF00021651
Henriksson, Y. (2017). Antinutritionella faktorer i baljvixter hdilsoeffekter, halter
och effekter av beredning. Bachelor thesis, Department of Molecular

Scienes. Uppsala: Swedish University of Agricultural Sciences
https://stud.epsilon.slu.se/10621/

Hickisch, A., Beer, R., Vogel, R.F. & Toelstede, S. (2016). Influence of lupin-
based milk alternative heat treatment and exopolysaccharide-producing
lactic acid bacteria on the physical characteristics of lupin-based yogurt
alternatives. Food Research International, 84, p. 180-188.

Hickisch, A. & Schweiggert-Weisz, U. (2019). Development of lupin-based
yoghurt alternatives - challenges regarding processing and fermentation.
In: Cadima, X., Gandarillas, A., Planchuelo, A. & Ravelo, A. (eds) XV’
INTERNATIONAL LUPIN CONFERENCE. Cochabamba, Bolivia, p. 59.

Hjorth, T., Huseinovic, E., Hallstrom, E., Strid, A., Johansson, L., Lindahl, B.,
Sonesson, U. & Winkvist, A. (2020). Changes in dietary carbon footprint
over ten years relative to individual characteristics and food intake in the
Visterbotten Intervention Programme. Scientific Reports, 10(1), p. 20.

Jansen, G., Jiirgens, H. U., Schliephake, E., & Ordon, F. (2012). Effect of the soil
pH on the alkaloid content of Lupinus angustifolius. International Journal
of Agronomy, 2012, pp.1-5. doi: https://doi.org/10.1155/2012/269878

Jiménez-Martinez, C., Hernandez-Sanchez, H., Alvarez-Manilla, G., Robledo-
Quintos, N., Martinez-Herrera, J. & Davila-Ortiz, G. (2001). Effect of
aqueous and alkaline thermal treatments on chemical composition and
oligosaccharide, alkaloid and tannin contents of Lupinus campestris seeds.
Journal of the Science of Food and Agriculture, 81(4), pp. 421-428.

Jonson, F. (2018). Sotlupin stjdrna i ny baljvéxtfars, 10. Available from:
https://agfo.se/2018/10/sotlupin-ny-stjarna-svensk-baljvaxtfars/ [2020-02-
25].

Kaczmarek, S., Hejdysz, M., Kubis$, M., Kasprowicz-Potocka, M. & Rutkowski,
A. (2016). The nutritional value of yellow lupin (Lupinus luteus L.) for
broilers. Animal Feed Science and Technology, 222.

Kaczmarska, K., Chandra Hioe, M., Frank, D. & Arcot, J. (2017). Aroma
characteristics of lupin and soybean after germination and effect of
fermentation on lupin aroma. LWT - Food Science and Technology, 87.

Karnpanit, W., Coorey, R., Clements, J., Benjapong, W. & Jayasena, V. (2017).
Calcium, Iron, and Zinc Bioaccessibilities of Australian Sweet Lupin
(Lupinus angustifolius L.) Cultivars. Journal of Agricultural and Food
Chemistry, 65(23), pp. 4722-4727.

Ksigzak, J., Staniak, M., Bojarszczuk, J. (2018). Nutrient Contents in Yellow
Lupine (Lupinus luteus L.) and Blue Lupine (Lupinus angustifolius L.)
Cultivars Depending on Habitat Conditions. Polish Journal of
Environmental Studies, 27(3), pp. 1145-1153. doi:
https://doi.org/10.15244/pjoes/76677

39



Lampart-Szczapa, E., Korczak, J., Nogala-Kalucka, M. & Zawirska-Wojtasiak, R.
(2003). Antioxidant properties of lupin seed products. Food Chemistry,
83(2), pp. 279-285.

Lim, T.K. (2012). Lupinus angustifolius. In: Edible Medicinal And Non-Medicinal
Plants. 2012. ed. Dordrecht: Springer, pp. 770-778.

Lima-Cabello, E., Alch¢, J.D. & Jimenez-Lopez, J.C. (2019). Narrow-Leafed
Lupin Main Allergen B-Conglutin (Lup an 1) Detection and Quantification
Assessment in Natural and Processed Foods. Foods, 8(10).

Linnskog Rudh, L. (2018). Darfor ratas den svenska bonan, 8. Available at:
https://agfo.se/2018/08/svenska-bonor-en-tuff-match/ [2020-02-25].

Lqari, H., Vioque, J., Pedroche, J. & Millan, F. (2002). Lupinus angustifolius
protein isolates: chemical composition, functional properties and protein
characterization. Food Chemistry, 76(3), pp. 349-356.

Magalhaes, S.C.Q., Fernandes, F., Cabrita, A.R.J., Fonseca, A.J.M., Valentao, P.
& Andrade, P.B. (2017). Alkaloids in the valorization of European
Lupinus spp. seeds crop. Industrial Crops and Products, 95, pp. 286-295.

Malmgren, L., Rosén, J., Dahlman, D. & von Wowern, F. (2016). Baljvaxt
orsakar forgiftning med antikolinergt syndrom. Léikartidningen, 113.

Manners, R., Varela-Ortega, C. & van Etten, J. (2020). Protein-rich legume and
pseudo-cereal crop suitability under present and future European climates.
European Journal of Agronomy, 113.

McNaughton, D. (2019). The Barriers To the Commercialisation of Lupins In
Europe: An update on our ongoing search for a market. In: Ximena, C.,
Gandarillas, A., Planchuelo, A. & Ravelo, A. (eds) Proceedings of
International Lupin Conference, Cochabamba, Bolivia: Fundacion
PROINPA, p.35.

Millan-Linares, M.d.C., Bermudez, B., Yust, M.d.M., Millan, F. & Pedroche, J.
(2014). Anti-inflammatory activity of lupine (Lupinus angustifolius L.)
protein hydrolysates in THP-1-derived macrophages. Journal of
Functional Foods, 8, pp. 224-233.

Muranyi, L.S., Otto, C., Pickardt, C., Osen, R., Koehler, P. & Schweiggert-Weisz,
U. (2016). Influence of the Isolation Method on the Technofunctional
Properties of Protein Isolates from Lupinus angustifolius L. Journal of
Food Science, 81(11), pp. C2656-C2663.

Musco, N., Cutrignelli, M.I., Calabro, S., Tudisco, R., Infascelli, F., Grazioli, R.,
Lo Presti, V., Gresta, F. & Chiofalo, B. (2017). Comparison of nutritional
and antinutritional traits among different species (Lupinus albus L.,
Lupinus luteus L., Lupinus angustifolius L.) and varieties of lupin seeds.
Journal of Animal Physiology and Animal Nutrtirion (Berlin), 101(6), pp.
1227-1241.

Newton, J. (2014). Defatting Rice Bran [video]. Available at:
https://www.google.com/search?q=defatting+rice+bran+youtube&ogq=def
atting+ricet+bran+youtube&aqs=chrome..69157.4472j0j4&sourceid=chro
me&ie=UTF-8 [2020-06-13]

Nilsson, T. (2017). Lupin ir ett bra alternativ for Norden. Land Lantbruk, 27" of
August. https://www.landlantbruk.se/ekonomi/lupin-ar-ett-bra-alternativ-
for-norden/

Office of the Gene Technology Regulator (OGTR) (2013). The Biology of
Lupinus L. (lupin or lupine). April 2013, ver. 1. Australian Government:
Department of Health and Ageing. Available at:

40



https://www 1.health.gov.au/internet/ogtr/publishing.nsf/Content/biologylu
pin2013-toc [2020-06-13]

Paech, K. & Tracey, M. V. (1955). Moderne Methoden der Pflanzenanalyse:
Modern methods of plant analysis, IV, pp. 461-467 Berlin: Springer.

Parmdeep, Sharma, S. & Singh, S. (2015). Comparison of cell wall constituents,
nutrientsand anti-nutrients of lupin genotypes. Legume Research - An
International Journal, 40(3).

Petterson, D.S. (2004). LUPIN | Overview. In: Wrigley, C. (ed.) Encyclopedia of
Grain Science. Oxford: Elsevier, pp. 166-174. Available at:
http://www.sciencedirect.com/science/article/pii/B0127654909000835.

Piasecka-Jozwiak, K., Ksiezak, J., Stowik, E. & Chabtowska, B. (2018). The use
of lupin flour as nutritional additive to organic wheat sourdough bread.
Journal of Research and Applications in Agricultural Engineering, 63(3),
pp. 56-61.

Pollard, N.J., Stoddard, F.L., Popineau, Y., Wrigley, C.W. & MacRitchie, F.
(2002). Lupin flours as additives: Dough mixing, breadmaking,
emulsifying, and foaming. Cereal Chemistry, 79(5), pp. 662-669.

Prins, U., Castelijns, J. & zu Miinster, E. (2019). Finding a market for (white)
lupins in the North-Western part of Europe. In: Ximena, C., Gandarillas,
A., Planchuelo, A. & Ravelo, A. (eds) Proceedings of International Lupin
Conference, Cochabamba, Bolivia: Fundacion PROINPA, p. 46.

Prolupin (2020a). Production process - A remarkable process. Available at:
https://www.prolupin.com/production-process.html [2020-05-23].

Prolupin (2020b). Raw material from Sweet Lupine - A regional ressource.
Available at: https://www.prolupin.com/raw-material.html [2020-05-23].

Renmark, A. (2019). Hér véxer framtidens mat. Livsmedel ifokus, Available at:
livsmedelifokus.se

Roland, W.S.U., Pouvreau, L., Curran, J., Velde, F. & Kok, P.M.T. (2017). Flavor
Aspects of Pulse Ingredients. Cereal Chemistry, pp. 58-65.

Ro60s, E., Carlsson, G., Ferawati, F., Hefni, M., Stephan, A., Tidaker, P. &
Witthoft, C. (2018). Less meat, more legumes: prospects and challenges in
the transition toward sustainable diets in Sweden. Renewable Agriculture
and Food Systems, pp. 1-14.

Schlegel, K., Schweiggert-Weisz, U. & Eisner, P. (2019). Modification of lupin
protein isolates — influence of enzymatic hydrolysis and fermentation on
changes in the molecular weight distribution, technofunctional and
sensory properties. In: Cadima, X., Gandarillas, A., Planchuelo, A. &
Ravelo, A. (eds) XV INTERNATIONAL LUPIN CONFERENCE 2019.
Cochabamba, Bolivia, p. 78.

Sedlakova, K., Strakova, E., Suchy, P., Krejcarova, J. & Herzig, 1. (2016). Lupin
as a perspective protein plant for animal and human nutrition - A review.
Acta Veterinaria Brno, 85, pp. 165-175.

Snowden, J., Sipsas, S. & St. John, C. (2007). Method to produce lupin protein-
based dairy substitutes. US20070154611 A1, 2007-07-05.

Sobotka, W., Stanek, M. & Bogusz, J. (2016). Evaluation of the Nutritional Value
of Yellow (Lupinus Luteus) and Blue Lupine (Lupinus Angustifolius)
Cultivars as Protein Sources in Rats. Annals of Animal Science, 16(1), pp.
197-207.

Sreevidya, N. & Mehrotra, S. (2003). Spectrophotometric Method for Estimation
of Alkaloids Precipitable with Dragendorff's Reagent in Plant Materials.
Journal of AOAC International, 86(6), pp. 1124-1127.

41



Staples, K., Hamama, A., Knight-Mason, R. & Bhardwaj, H. (2017). Alkaloids in
White Lupin and Their Effects on Symbiotic N Fixation. Journal of
Agricultural Science, 9, p. 13.

Stephany, M., Bader-Mittermaier, S., Schweiggert-Weisz, U. & Carle, R. (2015).
Lipoxygenase activity in different species of sweet lupin (Lupinus L.)
seeds and flakes. Food Chemistry, 174, pp. 400-6.

Stephany, M., Kapusi, K., Bader-Mittermaier, S., Schweiggert-Weisz, U. & Carle,
R. (2016). Odour-active volatiles in lupin kernel fibre preparations
(Lupinus angustifolius L.): effects of thermal lipoxygenase inactivation.
European Food Research and Technology, 242(7), pp. 995-1004.

Strakova, E., Suchy, P., Vecerek, V., Serman, V., Mas, N. & Juzl, M. (2006).
Nutritional composition of seeds of the genus Lupinus. Acta Veterinaria
Brno, 75(4), pp. 489-493.

Streckel & Schrader (2020). Efficient peeling of ancient grain and legumes.
Hamburg, Germany. Available at: https://www.streckel-
schrader.com/produkte/unterlacuferschaelgang/ [2020-05-23].

Sumire-Qquenta, D., Glorio-Paulet, P., Repo-Carrasco, R., Silva-Paz, R. &
Camarena, F. (2019). Influence of Tarwi (Lupinus mutabilis Sweet) husk
fiber on bread mold texture during storage. In: Ximena, C., Gandarillas,
A., Planchuelo, A. & Ravelo, A. (eds) Proceedings of International Lupin
Conference, Cochabamba, Bolivia: Fundacion PROINPA, p. 81.

Swiecicki, W., Kroc, M. & Kamel, A.K. (2015). Lupins. In: De Ron, A.M. (ed.
Grain Legumes. 1st ed. 2015. ed. New York, NY: Springer New York.

Sorbring, K. (2020). Go Greens bonor siljs som nirodlade - fraktas 400 mil.
Expressen, 11" of January. Available at: expressen.se/nyheter/klimat/go-
greens-bonor-saljs-som-narodlade-fraktas-400-mil/ [2020-02-05].

Tayade, R., Kulkarni, K.P., Jo, H., Song, J.T. & Lee, J.-D. (2019). Insight Into the
Prospects for the Improvement of Seed Starch in Legume—A Review.
Frontiers in Plant Science, 10(1213).

United Nations Environment Programme (UNEP) (2016). Food Systems and
Natural Resources: UN. Available from:
https://books.google.se/books?id=KCfGDwAAQBAJ. [2020-06-13]

van de Noort, M. (2017). Chapter 10 - Lupin: An Important Protein and Nutrient
Source. In: Nadathur, S.R., Wanasundara, J.P.D. & Scanlin, L. (eds)
Sustainable Protein Sources. San Diego: Academic Press, pp. 165-183.
Available at:
http://www.sciencedirect.com/science/article/pii/B978012802778300010
X. [2020-06-13].

Villacrés, E., Alvarez, J. & Rosell, C. (2020). Effects of two debittering processes
on the alkaloid content and quality characteristics of lupin (Lupinus
mutabilis Sweet). Journal of the Science of Food and Agriculture, 100(5),
pp. 2166-2175.

Villacrés, E., Rosell, C., Mazén, N., Quelal-Belén, M., Murillo, A. & Vega, L.
(2019). Technological Innovations For the Lupine Valorization In
Ecuador. In: Ximena, C., Gandarillas, A., Planchuelo, A. & Ravelo, A.
(eds) Proceedings of International Lupin Conference, Cochabamba,
Bolivia: Fundacion PROINPA, p. 41.

Villarino, C.B., Jayasena, V., Coorey, R., Chakrabarti-Bell, S. & Johnson, S.K.
(2016). Nutritional, Health, and Technological Functionality of Lupin
Flour Addition to Bread and Other Baked Products: Benefits and

42



Challenges. Critical Reviews in Food Science and Nutrition, 56(5), pp.
835-57.

von Baer, E. (2019). The lupin market: The experience of Chile. In: Ximena,
C.G., A., Planchuelo, A. & Ravelo, A. (eds) Proceedings of International
Lupin Conference, Cochabamba, Bolivia: Fundacion PROINPA, p. 47.

Wallebroek, J.C.J. (1940). Alkaloid and nitrogen metabolism in the germination
of Lupinus luteus. Recueil des travaux botaniques néerlandais, 37(1), pp.
78-132.

Wink, M., MeiBner, C. & Witte, L. (1995). Patterns of quinolizidine alkaloids in
56 species of the genus Lupinus. Phytochemistry, 38(1), pp. 139-153.

WWF (2018). Living Planet Report - 2018: Aiming Higher. Gland, Switzerland.

Wische, A., Miiller, K. & Knauf, U. (2001). New processing of lupin protein
isolates and functional properties. Nahrung, 45(6), pp. 393-395.

43



Acknowledgement

I would like to pay my special regards to my supervisors Per-Olof Lundquist, Anna
Henning Moberg, Axfoundation, and Fredrik Fogelberg, RISE. Your support and
great advice truly assisted me in the completion of this thesis.

Thanks to all actors that provided lupin seeds to this study, including Nordisk
Révara, RISE, and farmers Ronny Andersson and Magnus Bengtsson. This made it
possible for me to investigate the alkaloid content in lupin seeds as well as the effect
of harvest year on the alkaloid level.

Further, I wish to show my gratitude to Florian and Tobias Streckel at Streckel &
Schrader, Hamburg, for dehulling the lupin seeds. Your assistance was a milestone
in the completion of this project, making it possible for me to study the distribution
of alkaloids in lupin seed cotyledon and hulls.

44



Appendix 1 Samples for alkaloid analysis

Table Al. Total number of samples; species, cultivar, number of samples per cultivar, soaking time.
NL, and yellow lupin

Species Cultivar i;gfes Soaking Soaking time
NL Boregine 7 Yes 1-7 days
NL Boregine 1 No N/A

NL Boregine (husk + hull) 1 No N/A

NL Boregine (Cotelydon) 1 No N/A

NL Samba 3 Yes 1-3 days
NL Samba 1 No N/A

NL Boregine 2017 1 No N/A

NL Boregine 2018 1 No N/A

NL Boregine 2019 1 No N/A

NL Mirabor 2018 1 No N/A

NL Mirabor 2018 1 No N/A

YL Mister 3 Yes 1-3 days
YL Baryt 3 Yes 1-3 days
YL Bursztyn 3 Yes 1-3 days
YL Mister 1 No N/A

YL Baryt 1 No N/A

YL Bursztyn 1 No N/A
Total 31

Table A2. The species and cultivars analysed with the purpose to investigate the relation between
alkaloid concentration in seeds and soaking processes.

Objective: Is alkaloid concentration affected by soaking?

Species Cultivar No. of samples Soaking tSit:I?;(lng
NL Boregine 7 Yes 1-7 days
NL Samba 3 Yes 1-3 days
YL Mister 3 Yes 1-3 days
YL Baryt 3 Yes 1-3 days
YL Bursztyn 3 Yes 1-3 days
Total no. of samples 19
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Table A3. The species and cultivars prepared as control samples to the samples in table A3

Objective: Control samples

Species Cultivar No. of samples Soaking
NL Boregine 1 No

NL Samba 1 No

YL Mister 1 No

YL Baryt 1 No

YL Bursztyn 1 No
Total no. of samples 5

Table A4. The species and cultivars analysed with the purpose to localize the alkaloids

Objective: Is alkaloid content located in husk + hull or in cotyledon?

Species Cultivar No. of samples Soaking
NL Boregine (husk + hull) 1 No

NL Boregine (Cotelydon) 1 No
Total no. of samples 2

Table AS5. The species and cultivars prepared to analyse potential environmental impacts during
cultivation, e.g. drought, frost

Objective: Is alkaloid content affected by year of harvest, e.g. drought

Species Cultivar No. of samples Soaking
NL Boregine 2017 1 No

NL Boregine 2018 1 No

NL Boregine 2019 1 No

NL Mirabor 2018 1 No

NL Mirabor 2018 1 No
Total no. of samples 5
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Appendix 2 Lab protocol

Apparatus
Spectrophotometer
Analytical balance
Digital pH-meter
Centrifuge

Material

Defatting of lupin flour
Filter paper

Funnel

Beakers; 50 ml
Magnetic stirrer

Alkaloid analysis

4 st 100 ml volumetric flasks
Falcon tubes (15 ml)
Eppendorf tubes, 2 ml
Pipettes

Chemical and reagents

Defatting of lupin flour
Hexane

Alkaloid analysis

Dragendorrf’s reagent

Bismuth(III) nitrate pentahydrate (Bi(NO3)3
99,8%

Thiourea, Reagentplus TM, >= 99.0%
Sodium sulfide (N»S)

Concentrated nitric acid, (HNO3)

8g Potassium iodide (KI)

Glacial acetic acid, purity: 99,9 %
Etanol, 95%

Dilute hydrochloric acid (HCL)
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Solutions

a) Dragendorff’s reagent (DR)
1) prepare solution of 0,8g bismuth nitrate pentahydrate in 40 ml distilled water
and 10 ml glacial acetic acid

2) 8 g of KI is dissolved in 20 ml distilled water

3) Mix the two solutions

b) Standard bismuth nitrate solution
Dissolve 10 mg bismuth nitrate pentahydrate (Bi(NO3)3 - 5 H,0) in 5 ml
concentrated nitric acid (HNO3) and diluting to 100 ml with distilled water.

¢) Thiourea, 3%
The thiourea solution was prepared by dissolving 3 g of thiourea in 100 ml
distilled water

d) Sodium sulfide, 1%
The sodium sulfide nonahydrate solution was prepared by suspending 1 g of NoS
in 100 ml distilled water.

e) Acetic acid, 2%
The glacial acetic acid (99,9 %) was diluted to 2 % by taking 2 ml and add to 98
ml distilled water.

Procedure

Procedure for calibration curve

1. Pipette 1, 2, 3, 4, 5, 6, 7, 8, and 9 ml of standard bismuth nitrate solution into
separate falcon tubes (15 ml)

2. Dilute to 10 ml with distilled water

3. Take 1 ml of this solution and add 5 ml thiourea, 3%.

4. Measure the absorbance value of the yellow solution at 435 nm against a
colourless blank
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Defatting of lupin flour
The fat removal was performed according to the method described by Newton
(2014).

1) 10 gram of lupin flour is combined with 30 ml of hexane (1:3, w/v)

2) Stir the mixture for 2 hours at 360 rpm

3) Centrifuge for 15 min at 4°C, 5000g (Avanti® Centrifuge J-26 XPI, Beckman
Coulter, USA)

4) Decant the hexane and leave the lupin flour to dry under a hood for 24 hours

Extraction of alkaloids from lupin flour

0,25 g finely powdered lupin seed flour was extracted with 2,5 ml aqueous acetic
acid (2%) in a falcon tube (15 ml) and shaken with a Rotamix RM1, program F1,
60 rpm, at room temperature for 10 min. The sample was centrifuged (Jouan SA,
C31) at 4000 rpm for 5 min. The procedure was repeated 3 times. The extract was
mixed and diluted to 10 ml with aqueous acetic acid (2%). The pH was
maintained at 2-2.5 with 1M HCI (approx. 4 drops). Thereafter, 2 ml was
transferred to an eppendorf and centrifuged at 13000 rpm (Heraeus Pico 21
Centrifuge, Thermo Scientific) for 5 min.

Procedure for Assay of Plant Extracts

. Take 1 ml of the extract/ alkaloid solution and put in a new eppendorf

. Add 400 ul of Dragendorff’s reagent (DR). Precipitate will form

. Centrifuge the sample at 13000 rpm for 5 min

. Check the centrifugate for complete precipitation by adding 100 ul DR

. Centrifuge again at 13000 rpm for 5 minutes

. Decant the supernatant completely and meticulously. Pipette if necessary
. Add 1 ml EtOH (70%) to the eppendorf tubes (washing-step)

. Run the samples in Rotaflex, program F1, 60 rpm for 5 minutes

. Centrifuge the samples in 13000 rpm for 5 minutes and discard the supernatant
10. Treat the remaining residue with 400 ul of sodium sulfide solution. A
brownish black precipitate will form

11. Run the samples in Rotaflex, program F1, 60 rpm for 5 minutes

12. Check for complete precipitation by adding 2 drops of N2S-solution

13. Dissolve the residue in 400 ul conc. HNOs, with warming if necessary
14. Dilute this solution to 2 ml in an eppendorf tube with distilled water

15. Take 200 ul from this solution and add 1 ml thiourea solution

16. Measure the absorbance at 435 nm against a blank containing HNO3 and
thiourea

O 00 1N DN B W —

The amount of bismuth present in the solution was calculated by multiplying the
absorbance values with the factor, taking suitable dilution factor into
consideration. The factor is obtained from the standard curve, which is a constant
for different concentrations.

concentration

Factor =
absorbance
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Lupin — a future protein crop in Sweden?

Our modern food systems have a large impact on our
environment, contributing to 19-30 % of total greenhouse gas
emissions. To shift towards a more sustainable food system, we
should adopt healthier diets which contain more plant-based
protein, such as legumes, and less meat and dairy. A decreased
dependency on soy is wanted and will require increased
production of other legumes. However, this is not problem-free
as legumes contain antinutritional factors (ANFs), which is a
limiting factor for increased consumption.

Lupinus species

Lupinus 1s a wide and diverse genus with approximately 200
species of flowering plants. There are only four Lupinus species
that are domesticated and used for food and feed purpose. These
are the narrow-leafed lupin (L. angustifolius), the yellow lupin
(Lupinus luteus), the white lupin (Lupinus albus) and the Andean
lupin (Lupinus mutabilis). It is important to not confuse these
lupins with the toxic wild lupin growing in the roadsides.

The global cultivation of lupin can be seen in Figure 1. Australia
is the top producer of lupins. They are also grown in Russia, parts
of Europe, and South America.

Nutritional composition

The lupin has a thick seed coat that mainly

consists of dietary fibre. Lupin starch content,

Table 1, is higher compared to the soybean
(Glycine max) but considerably lower than the

pea (Pisum sativum). The protein and fat content of
lupin, Table 1, varies widely between species and
cultivars. Lupin also contains micronutrients like
various minerals.

Table 1. Nutritional value of lupin seeds
Starch

6
ANFs in lupin

15-52

%

Protein

This is a popular scientific
summary based on a
master thesis in food
science (30 hp), written by
Sanna Pasanen at the
Swedish  University  of
Agricultural Science. The
thesis with the title “Lupin
as a future protein source
in Sweden: food safety
aspects, prospects and
aimed to
knowledge for
increased utilisation of
lupins in Sweden and to
investigate how the crop is
perceived as a potential
protein source. The study
also included an analysis of
alkaloid content in lupins
and its hulls and how
different factors affect
these levels.

challenges”
provide

Figure 1. The global cultivation of lupin

Fat
4-25

ANFs are undesirable substances in legumes that reduce the uptake of nutrients in
the body. The most common ANF in lupins are the alkaloids, which comprise
0.005 — 4.5 % of the seed. Alkaloids help protect the plant against environmental

threats like herbivores or UV light.
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The bitter taste of lupin seeds is thought to be caused by the alkaloids. Therefore,
lupins are divided into sweet and bitter varieties, where the sweet varieties contain
lower levels of alkaloids and bitter varieties contain higher levels.

Alkaloids can be toxic if consumed in high doses and could affect the digestive
system.

Processing of lupin

Lupins are traditionally prepared by soaking for 24 hours and boiling for one hour.
Thereafter, the lupin can be used in foods like falafel, miso and soy.

Industrial processing can include milling of whole lupin seeds to flour, which can
be used as an additive in bread-baking. Another type of industrial processing is
fractionation. Here, each part of the lupin seed is isolated. The hulls can function as
a dietary fibre supplement. The oil can be used in baking, pasta products or
sausages. It is also possible to isolate the proteins from the lupin kernel, yielding a
lupin protein isolate (LPI). This isolate has a high value in food processing and can
substitute egg and dairy in ice cream production and improve texture in pasta and
bakery products. Fermentation of LPI is useful in the development of plant-based
dairy alternatives.

Prospects and challenges

There are both prospects and challenges with lupin production. Some positive
aspects include the high-nutritional value of lupin and its suitability to substitute
the imported soy. However, the biggest challenges are the absence of processing
facilities for cleaning and dehulling lupin seeds in Sweden, but also the bitter taste
of lupin which is difficult to mask.

Alkaloid content in lupins

In this study, most of the lupin alkaloids were found in the
kernel, Figure 2. There was a wide variation in alkaloid
levels between species and cultivars, Figure 3. Soaking of
seeds showed ambiguous results on alkaloid removal. The
seeds of one cultivar (Boregine) soaked for 24 hours
removed 40 % of the alkaloids, while the soaked seeds of
another cultivar (Samba) showed no decrease in alkaloids Lupin kernel
at all. 0.50 %

The year of harvest of the lupin seed had a large impact
on alkaloid content, Figure 4. The seeds harvested in
2018 showed considerably higher alkaloid content
compared to the other harvest years. The drought of
2018 could be an explanation of the high levels, but the effect is not entirely clear.

Figure 2. The majority of lupin alkaloids
were found in the lupin kernel
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Figure 3. Alkaloid content in three different species of Figure 4. Alkaloid content in lupin seeds harvested
lupins including narrow-leafed lupin (Boregine and different years.

Samba), yellow lupin (Baryt, Bursztyn and Mister) and

Andean lupin (Bolivian variety)

Conclusion

Lupin possesses a good nutritional value, with a high content of protein, dietary
fibre and oil. It is thus a good substitute for soy and a suitable legume for human
consumption. The greatest obstacle for increased lupin production is the absence of
processing facilities. To address this issue, we need to create incentives for actors
to invest. Regarding the alkaloid content in lupin seed, more knowledge is needed
about lupin alkaloids and how they are stored in the plant during growth. We also
need to find a way to efficiently and thoroughly remove the alkaloids from the lupin
seeds. All things concluded, lupin has great potential for cultivation and human
consumption in Sweden. It is just a matter of time before it plays a leading role as
a protein source on the plate of the Swedish consumer.

Figure 5. Lupin hulls (left picture) and lupin kernels (right picture) from narrow-leafed
lupin cultivar Boregine
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