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Diversity of Andean Lupin
In January I started my thesis by writing a proposal. During the writing of the proposal I also
grinded Lupinus mutabilis samples for 2 weeks and performed Near Infrared Reflectance
Spectrometry for another week. I have selected 97 samples with WINISI software (of the NIRS)
that should be biochemically analysis to develop a prediction model from the near infrared
spectra of the samples. I have performed the full biochemical analysis for 7 samples in three
replicates somewhere at the end of February and the beginning of March. Then, the wellknown covid-19 measures became active in the Netherlands, exactly at the point where I
wanted to start the complete biochemical analysis of the 97 selected samples.
The first 2 or 3 weeks of the quarantine, I have been busy with learning R, to not lose valuable
time but also in anticipation of whether the labs would close for the rest of the year, or open
up again. Then the labs closed for students at least until the end of my thesis, so Agata came
up with a great alternative thesis about Phenotypic Diversity in 200 L. mutabilis accessions.
So, I started exploring that data and adapting the proposal. Finally, I performed statistical
tests in R and wrote a report about this until the end of my thesis.
The main output of this thesis is a report about the phenotypic diversity of 200 L. mutabilis
accessions. Which is organised in the general chapters of scientific articles as followed:
Abstract, Introduction, Materials and Methods, Results, Discussion, Conclusion and
Acknowledgements. A few tables and figures of the Phenotypic Diversity in Andean Lupin are
added as supplementary in this report. The part written about some preliminary results of the
biochemical diversity of L. mutabilis is added as annex (page 18). This part is built up as
followed: Introduction, Materials and Methods, Results and Discussion, Conclusion. The
references of both parts can be found at the end of this thesis (page 28).
All things considered, it has been a few rough months, but I am happy with the outcome!
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Phenotypic diversity in 200 Lupinus mutabilis accessions

ABSTRACT

Andean lupin (Lupinus mutabilis) is a species adapted to low input farming, able to fixate
nitrogen and to produce seeds with high protein and oil content. Therefore, it is considered
as a promising crop in the crucial transition from animal-protein based to plant-protein based
diets. However, the success of L. mutabilis as potential commercia crop currently depends on
breeding for early maturing, high yielding genotypes. In this study, the phenotypic variability
of 200 L. mutabilis accessions is investigated for the first time in order to identify relevant
breeding traits and select promising accessions for the development of early maturing, high
yielding genotypes. Random effects model in combination with correlation analysis pointed
out that plant height and hundred seed weight are two traits that are important to select for
in the context of improving total seed yield. Furthermore, three different L. mutabilis
ecotypes were described based on a principal component analysis and clustering analysis.
These three ecotypes provide a good basis for accession selection for breeding programmes
based on phenotypic variability. Additionally, early maturing crops were mainly found in
ecotype 1 and 2 whereas the highest yielding crops were mainly found in ecotype 3. This, in
combination with the ability of heterosis in L. mutabilis suggests that a promising breeding
programme is based on hybrid breeding of the best performing accessions in ecotype 2 and
ecotype 3 in terms of early maturity and high yield.

Keywords: phenotypic variability, heritability, variance components, lupin, Lupinus mutabilis,
flowering time, morphology, yield, early maturing, breeding, ecotypes
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INTRODUCTION

soybean. In this way, the environmental
impact of meat substitutes will be decreased
(Gulisano et al. 2019; Abraham et al. 2019;
Visser et al. 2014).

Transition to alternative protein-based diets
is crucial
Current food demand goes beyond our planet
environmental limits and is still on the rise. The
increasing food demand leads to production
systems that focus on maximizing crop yield
overlooking the environmental impact.
Consequently, essential resources as water
and land are often used unsustainably, leading
to biodiversity loss and increasing the impact
of climate change. One of the driving forces of
this process is the growing demand for animal
proteins, as the livestock sector represents one
of the biggest users of agricultural land and
one of the largest contributors to climate
change (Machovina et al. 2015; Gulisano et al.
2019). In order to ensure future food security
and preserve the environment, a transition
from animal-protein based diets to more
sustainable alternatives, such as plant-protein
based diets, is crucial (Machovina et al. 2015).
Alternatives to animal protein are therefore
getting increasingly interest.

Lupins are a great alternative to soybean
A possible alternative to importing soybean is
cultivating other protein rich legumes in
Europe. Legumes have a great potential due to
their beneficial effects on the soil and their
ability to fix nitrogen (De Ron et al. 2017). As a
result, legumes have been shown to be
beneficial for intercropping and crop rotation
(De Ron et al. 2017). Within legumes, lupins
have been identified as promising. Native to
Europe and grown on a commercial scale are
Lupinus albus, L. luteus and L. angustifolius,
which produce seeds with high protein content
(34 %up to 44%) and quality. Oil is also found
in the seeds of lupins (5 to 11%), but to a lesser
extent than protein (Gulisano et al. 2019; Lucas
et al. 2015). On top of that, their seeds have
potential health benefits, such as the presence
conglutin-γ proteins that helps in the control of
insulin resistance and diabetes (Terruzzi et al.
2011). Furthermore, just as other legumes,
lupins are able to biological fixate nitrogen in
symbiosis with Bradyrhizobium bacteria and
therefore can contribute to sustainable
cropping systems (Lucas et al. 2015).

Soybean as alternative protein source
The most known and successful meat
alternatives are based on plant material like
pea, soy, rice and lupin. Currently, out of
several edible protein sources, soybean-based
meat substitutes have been shown to have the
lowest environmental impact together with
insect-based substitutes (Smetana et al. 2015).
However, other plant-based substitutes were
not included in the study, suggesting plantbased substitutes might have a very low
environmental
impact
in
general.
Furthermore, a major drawback of soybean is
its transportation around the globe, which
strongly contributes to increase its
environmental impact. A local production of
protein would be a more sustainable
alternative and would facilitate the transition
to a Circular Bioeconomy. Therefore, the
European Union supports initiatives of growing
alternative protein crops in the European
Union to become less reliant on the import of
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Lupinus mutabilis: a protein crop with
potential for Europe
Next to the commercially grown L. albus, L.
luteus and L. angustifolius there is another
promising lupin species: L. mutabilis, native to
the Andes and only cultivated in a few
countries in South America (Lucas et al. 2015).
A lot less is known about this species, but L.
mutabilis has the highest grain quality from all
cultivated lupins. Additionally, it is also
adapted to low input farming and has a higher
oil content than other lupin species, which is
more similar to that of soybean (~20g/100g
DW) (Gulisano et al. 2019). The main reason
why European farmers do not cultivate L.
mutabilis yet, is because a potential
commercial cultivation of L. mutabilis in
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Europe would be problematic at the moment,
as early maturing, high yielding genotypes are
lacking (Gulisano et al. 2019). This is mostly
caused by the indeterminate growth habit of L.
mutabilis and the lack of locally adapted
genotypes. However, this and other problems
can be overcome by breeding (Caligari et al.
2000; Gulisano et al. 2019). Research on L.
albus has shown high correlations between
growth habit and seed yield in lupin. In
particular, genotypes with late flowering, more
vegetative organs and second-order branches
are associated with a higher yield.
Furthermore, a low interaction was found
between genotype and environment, meaning
that the best (L. albus) genotypes in one
location were also the best genotypes in other
locations (Julier et al. 1995). In addition to
growth habit and yield, breeding could also
target other traits to increase the economic
suitability of L. mutabilis, such as improved oil
or biomass production that would turn L.
mutabilis into a dual-purpose crop (Gulisano et
al. 2019).

diversity. L. mutabilis is an autogamous
species, but cross-fertilization by insects is
reported ranging from 4-11% in Peru to 9.518.9% in Poland (Blanco Galdos 1982;
Gnatowska et al. 2000). The hermaphroditic
flowers are arranged in apical racemes and
have a dominant level of allogamy (Gulisano et
al. 2019). Isolating different L. mutabilis
genotypes in breeding programs hence
becomes more difficult, due to the observed
cross-fertilization and the consequent increase
in genetic diversity. However, a high genetic
diversity for desired traits can also represent a
useful source of variation to exploit by
breeding (Moura et al. 2010; Chirinos-Arias et
al. 2015; Guilengue et al. 2019).
Elucidating key traits and promising
accessions in a large collection of L. mutabilis
Up until now little research has been done on
the variability of various L. mutabilis
phenotypic traits. In this study, a large
collection of L. mutabilis accessions from INIAP
(Instituto Nacional de Investigaciones
Agropecuarias) is used for the first time to
investigate variability in this species and
identify relevant breeding traits for the
development of high yielding varieties.
Statistical analyses are performed in order to
identify traits that are highly heritable, and
cluster similar ecotypes within the collection
based on their morphological and phenological
characteristics. Finally, a selection of promising
accessions for future breeding programmes is
presented.

Large phenotypic and genetic diversity in L.
mutabilis
Generally, L. mutabilis has a high phenotypic
diversity, which is related to the wide range of
environmental conditions in its native regions
(Gulisano et al. 2019; Guilengue et al. 2019).
For example, short plants are found in the
Potosi region where the altitude is higher than
3500 m and the environmental conditions are
characterized by low temperatures and
abundant precipitation. On the other hand, tall
and branched plants are found in the Andean
valleys of Southern Peru and Bolivia. Here L.
mutabilis produces more than 50% of its seeds
on the main stem. In the frost-free climates of
Colombia, Ecuador and northern Peru L.
mutabilis is generally highly branched, more
than 1.8 m tall and with little seed production
on the main stem (Atchison et al. 2016;
Guilengue et al. 2019).

MATERIALS AND METHODS
Plant Material
A selection of 200 L. mutabilis accessions was
used in this study to investigate phenotypic
diversity in this species. This selection is part of
a larger collection at INIAP (Instituto Nacional
de Investigaciones Agropecuarias) which, to
our knowledge, represents the largest
collection available for L. mutabilis. The
selected accessions are named LIB001 until

Another reason that could explain the high
phenotypic diversity would be high genetic
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LIB200, and have four main different origins,
Ecuador, Bolivia, Peru and ex-Soviet Union.

harvesting was measured by noting the
number of days from sowing until 50% of the
plants were ready for harvesting.

Field Experimental Design

Morphology traits

Field trials were performed between April and
December 2019. All accessions were evaluated
in two different locations in Ecuador. The 200
L. mutabilis accessions were grown in Estación
Experimental Santa Catalina (-0.4°S -78.6°W)
and Plaza Arenas (-0.9°S -78.7°W), both nearby
Quito (Ecuador). The two locations mostly
differed in soil-type and precipitation (Table
9Figure 7).

At harvesting time, the plants were cut at the
base and six morphology measurements were
measured as averages of five random selected
plants per plot (there is only one accession per
plot). Length of the main inflorescence was
measured in centimetres from the lower pod
to the tip of the primary inflorescence in the
mainstem. Plant height was measured in
centimetres from the base of the mainstem to
the highest part of the plant. The number of
first order branches was measured by counting
the number of branches in the first branching
order. The number of total pods per plant was
measured by counting all pods collected from
all branches. The length of the pod was
measured in millimetres, where a mature pod
was taken from the middle point of the
mainstem inflorescence. Width of the pod
taken from the middle point of the mainstem
inflorescence was also measured in
millimetres, where the maximum distance
between the dorsal suture and the ventral
suture was measured.

The experimental design used was an Alpha
lattice design. In Santa Catalina, the accessions
were propagated in three replicates, with 20
blocks per replicate and 10 plots per block
whereas in Plaza Arenas only two replicates, 25
blocks and 8 plots per block were used. Each
plot contained 10 plants of one accession
where 5 plants per plot were evaluated.
𝑛𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑜𝑛𝑠 = 𝑛𝐵𝑙𝑜𝑐𝑘𝑠 ∗ 𝑛𝑃𝑙𝑜𝑡𝑠

(1)

Differences in the experimental design across
the two locations were due to different field
sizes.
Phenotypic Data Analysis

Yield traits

In total 18 different parameters were
phenotyped, which included 5 qualitative traits
and 13 quantitative traits. The quantitative
traits included four different flowering traits,
six morphological traits, two yield related traits
and plant density at harvest, of which the
abbreviations can be found in Table 1.

The seeds of the plants were also harvested
during harvesting but measured later. Two
yield measurements were performed after
harvesting. Hundred seed weight was
measured in grams by weighting hundred
randomly selected seeds per plot. Seed Yield
per plant was measured in grams
corresponding to all the seeds harvested from
the whole accessions plot, divided by the
number of plants that were harvested.

Flowering traits
The trait days to first flowering was scored by
counting the number of days from sowing until
50% of the emerged plants showed the first
flowers. Days to the end of flowering were also
scored by counting the number of days from
sowing until 50% of the emerged plants no
longer had opened flowers. Additionally, the
flowering time was calculated in days by
subtracting the days to first flowering from the
days to the end of flowering. Days to

Phenotypic Diversity in Andean Lupin

Statistical Analysis

In order to study the phenotypic variability in
L. mutabilis, an ANOVA (Analysis of Variance)
model was used to determine the significant
differences of the variance components in the
thirteen quantitative traits: genotype (G),
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Table 1: Summary statistics of all thirteen quantitative traits in 200 L. mutabilis accessions.
Quantitative traits

Abbreviation

Trait group

Mean

Min.

Max.

Standard
Deviation

Days to first flowering
Days to the end of
flowering
Flowering time (days)

dtff
dtef

Flowering
Flowering

106
171

80
118

150
217

13.1
21.1

Coefficient
of Variation
(CV%)
12.40%
12.30%

ft

Flowering

65.4

12

110

15.6

23.90%

Days to harvesting
Average length of the main
inflorescence (cm)
Average plant height (cm)

dth
lenghtMI

Flowering
Morphology

219
21.6

160
6.2

260
33.6

20.5
5.67

9.40%
26.30%

Pheight

Morphology

108

33

182

30.2

27.90%

Average number of 1st
order branches
Average number of total
pods per plant
Average length of the pod
(mm)
Average width of the pod
(mm)
Density

firstBranch

Morphology

9.86

2.5

20.2

3.48

35.30%

PodsN

Morphology

55.3

7

186

30.7

55.40%

PodsLength

Morphology

87.4

56

124

10.5

12.00%

PodsWidth

Morphology

15.6

11

19.2

1.22

7.80%

8.19

1

20

3.91

47.80%

100 seeds weight (g)
Seeds yield per plant (g)

hundredsWeight
SeedYield

27.8
35.7

8
0.573

37.9
170

3.84
26.3

13.80%
73.80%

Density
Yield
Yield

environment (E) (which includes blocks and
replicates within environments), genotype and
environment interaction (GxE) and residual
variance (ε) (Renaud et al. 2014). This was
performed according to the following linear
model:
𝑦 = 𝜇 + 𝐺 + 𝐸 + 𝐺𝑥𝐸 + 𝜀,

were performed using the Restricted
Maximum Likelihood (REML) algorithm.
Furthermore, the broad sense heritability (H2)
was calculated for each trait across both
environments as a fraction of the genetic
component to the total genotypic effect to
estimate the role of genetic components in the
phenotypic variability. This also includes the
genotype x environment effect and the
residual variance which are corrected by the
number of environments (Renaud et al. 2014),
according to the following model:

(2)

where y is the trait, 𝜇 is the grand mean, G is
the genetic effect, E is the environmental
effect (and thus also includes the replicate and
block effects), GxE is the genotype and
environment interaction and 𝜀 is the residual
error. Furthermore, the following random
effects model using the REML (Residual
Maximum Likelihood) algorithm, was used to
estimate the variance components of the
phenotypic variation:
2
𝜎𝑦2 = 𝜎𝐺2 + 𝜎𝐸2 + 𝜎𝐵2 + 𝜎𝑅2 + 𝜎𝐺𝑥𝐸
+ 𝜎𝜀2 ,

𝐻2 =

2

2

𝜎
𝜎
𝜎𝐺2 + 𝐺𝑥𝐸 + 𝜀
𝑛𝐿

.

(4)

𝑛𝐿

The variance components in the above model
correspond to the terms in the random effects
model above and 𝑛𝐿 stands for the number of
locations (2: Estación Experimental Santa
Catalina and Plaza Arenas). The variance error
component is only divided by the number of
locations because the number of blocks and
replicates differ per location.

(3)

2
where 𝜎𝑦2 , 𝜎𝐺2 , 𝜎𝐸2 , 𝜎𝐵2 , 𝜎𝑅2 , 𝜎𝐺𝑥𝐸
and 𝜎𝜀2 , are the
variances for y, G, E, blocks within replicate (B),
replicates within environment (R), GxE and 𝜀,
respectively. The variance components were
calculated as a percentage of the total variance
to be able to fairly compare the different traits.
Both, ANOVA and the random effects model

Phenotypic Diversity in Andean Lupin

𝜎𝐺2

In addition to the broad sense heritability, the
ratio of the genotype x environment
interaction variation divided by the genetic
variation was calculated to get an estimation of
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Figure 1: Scatterplot of the phenotypic variation of the thirteen quantitative traits which are explained by the environment
component (y-axis) and the genetic component (x-axis). Meaning of the abbreviations can be found in Table 1.

the stability of the accessions across the two
locations (Gitonga et al. 2014):
𝑅𝑎𝑡𝑖𝑜 𝐺𝑥𝐸/𝐺 =

2
𝜎𝐺𝑥𝐸
.
𝜎𝐺2

graphical user interface package Factoshiny (Lê
et al. 2008).
RESULTS

(5)

Several rare trait colours in L. mutabilis

All statistical analysis was performed in R (R
Core Team 2020) version 3.6.3 software.
Summary statistics of the traits was performed
by using table1 package and chi-square test by
using the chisq.test function. Variance
component analysis was performed by using
lme4 package and correlation analysis was
performed by using corrplot function (Bates et
al. 2015). The Principal Component Analysis
and Clustering Analysis was done by using the
package FactoMineR in combination with the

Resulting from a chi-square test, all qualitative
traits were significantly dependent on each
other and the genotype (p < 0.05) but not on
the environment. However, a few rare trait
colours (<0.6% of all colours) were observed in
individual plots. A lilac flower bud colour was
found in accession LIB005, and bluish-violet
flower bud colour was found in LIB189 and
LIB226. White flower wings colour was found
in LIB018 and LIB151 and white flower keel

Table 2: Variance components and broad-sense heritability of 13 traits calculated with a random effects model. Abbreviations
can be found in Table 1.
Trait

dtff
dtef
ft
dth
lenghtMI
Pheight
firstBranch
PodsN
PodsLength
PodsWidth
Density
hundredsWeight
log10SeedYield

Block within
Replicate within
Location (B%)
1.24%
0.84%
2.04%
0.57%
0.54%
1.04%
2.48%
2.29%
0.00%
0.34%
15.63%
5.03%
1.97%

Phenotypic Diversity in Andean Lupin

Location
(E%)

Genotype
(G%)

1.42%
5.59%
16.91%
3.44%
85.04%
72.38%
49.39%
48.26%
54.67%
47.67%
4.50%
16.61%
58.91%

67.69%
58.61%
11.97%
72.76%
1.67%
11.98%
13.76%
5.41%
13.96%
13.16%
5.75%
41.75%
5.06%

7

Genotype
x Location
(GxE%)
5.62%
4.45%
5.12%
0.00%
1.04%
2.02%
8.71%
8.25%
3.68%
3.68%
0.29%
3.47%
2.55%

Replicate
within
Location (R%)
0.15%
0.36%
1.28%
0.78%
0.52%
0.00%
3.06%
8.41%
0.52%
0.00%
13.76%
2.36%
5.15%

2

Error
(ε%)

Ratio
GxE/G

H

23.88%
30.14%
62.68%
22.44%
11.19%
12.57%
22.61%
27.38%
27.17%
35.15%
60.07%
30.79%
26.36%

0.083
0.076
0.428
0.000
0.622
0.169
0.633
1.525
0.263
0.280
0.051
0.083
0.504

0.885
0.857
0.396
0.928
0.334
0.743
0.579
0.330
0.618
0.553
0.275
0.816
0.392
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colour was found in LIB049, LIB186, LIB188 and
three times in LIB072 (Table 8).

morphology and yield parameters (Figure 7).
Also, significant differences were found among
the different accessions for all traits (p <
0.001), except for ‘Density’. Moreover, the
interaction between location and accession
was found to be significant (p<0.05) for dtff,
dtef, ft, Pheight, firstBranch, PodsLength,
PodsWidth,
hundredsWeight
and
log10SeedYield.
Hence,
these
traits
correspond to variance components for GxE
higher than 2.02% (Table 2).

Quantitative variation in 200 L. mutabilis
accessions
All traits turned out to be normally distributed
except for Seed Yield per plant. The residuals
of this trait were positively skewed, and thus
the trait has been transformed to log 10 which
made the residuals normally distributed.
Hence, the abbreviation for this trait becomes
‘log10SeedYield’.

Large variation was found for PodsN, Density
and SeedYield, where the coefficient of
variation is higher than 45% (Table 1). Other
morphology traits (average length of main
inflorescence, average plant height and
average number of first order branches) also

Significant differences were found for all
thirteen quantitative traits among the average
performance for all accessions across the two
different locations (p < 0.001). Accessions in
the two locations mainly differed in

Figure 2: Pearson correlation analysis of all thirteen quantitative traits in L. mutabilis across the two locations. The black
stars indicate whether the correlation is significant at p = 0.05. The size of the blue dots indicates the size of the correlation,
the larger the dot the higher the correlation. Abbreviations can be found in Table 1.

Phenotypic Diversity in Andean Lupin
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showed a higher coefficient of variation than
other traits, 26%, 28% and 35%, respectively.

Table 3: Contribution of traits to the four principal
dimensions in 200 L. mutabilis accessions
contribution

Dim.1

Dim.2

Dim.3

Dim.4

Key traits in the phenotypic variability of L.
mutabilis

dtff

9.9

3.0

0.0

10.9

dtef

11.9

2.7

3.1

1.2

ft

8.0

1.1

10.2

4.7

dth

12.0

1.2

0.7

4.3

lenghtMI

2.0

0.5

43.9

25.6

Pheight

12.0

0.1

1.7

1.5

firstBranch

10.6

3.2

0.5

0.7

PodsN

8.9

4.4

3.1

4.9

PodsLength

5.7

15.1

5.9

6.2

PodsWidth

1.1

45.1

1.6

6.1

Density

0.3

15.9

25.4

32.8

hundredsWeight

8.5

7.5

3.5

0.6

log10SeedYield

9.2

0.2

0.3

0.5

Variance

55.4%

11.9%

8.7%

7.6%

Sum of variance

55.4%

67.2%

76.0%

83.6%

The random effects model differentiated traits
that were mainly influenced by the genetic
component, from traits mainly influenced by
the environmental component and traits
mainly influenced by the residual variance
component (Figure 1, Table 2). Three flowering
traits and one yield parameter showed to be
mainly influenced by the genetic component:
dtff, dtef, dth and hundredsWeight (68%, 59%,
73% and 42%, respectively). Ratios G×E/G close
to zero were found for all four traits which
indicate a high stability of accession ordering
across the environments. As a result of a high
genetic component, these traits also showed a
high H2, ranging from 0.82 up to 0.93.

because all traits are agronomic and flowering
traits (Petit et al. 2019). The highest
correlations are found among the flowering
traits, where correlations among dtff, dtef and
dth range from 0.90 up to 0.94. From the
morphology traits, Pheight, firstBranch and
PodsN have the highest correlations among
each other (ranging from 0.76 up to 0.82). Also
flowering traits and yield traits showed high
correlations with several morphology traits, for
instance the correlation coefficient between
dth and Pheight is 0.84.

Seven other traits (lenghtMI, Pheight,
firstBranch, PodsN, PodsLength, PodsWidth
and log10SeedYield) were mainly influenced
by the environmental component. These seven
traits were all morphological traits and one
yield trait with environmental components
ranging from 48% up to 85%. These seven
traits showed relatively high GxE/G ratios
(>0.169) compared to the traits mainly
influenced by the genetic component.
Furthermore, their corresponding heritabilities
were low (<0.5), except for Pheight,
firstBranch, PodsLength and Podswidth which
had heritabilities of 0.74, 0.58, 0.62 and 0.56,
respectively. Still, these heritabilities are lower
than the heritabilities of the four traits mainly
influenced by the genetic component (Table 2).
Only two traits were mostly influenced by the
residual error component, flowering time and
density.

Contributions of single traits to total variance
A principal component analysis (PCA) was
performed in order to highlight relatedness
between different genotypes and to assess the
contributions of single traits to the total
variance. All thirteen quantitative traits were
included in the analysis. The PCA showed that
the first four dimensions explained 84% of the
total variance. As can been seen in Table 3, the
first dimension already explains the majority of
the variance (55.4%) and most traits contribute
to this dimension. However, the first
dimension is mainly described by flowering
traits, certain morphological traits such as
Pheight and firstBranch and to a minor extent
also yield parameters. In contrast, the second

Large correlations among many traits
As can been seen in Figure 2, all correlations
are statistically significant except for most
correlations with PodsWidth and Density. In
addition, all correlations in this dataset are
positive correlations, which is expected

Phenotypic Diversity in Andean Lupin
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Figure 3: Principal Component Analysis factor map with two dimensions that describe 67% of the total variance. The
individual accessions are coloured according to their origin. The ellipses represent 95% confidence ellipses, which means that
if ellipses do not overlap each other, they are significantly different from each other (p<0.05).

dimension is mainly explained by PodsWidth
and in minor part by PodsLength and Density.
The third and the fourth dimension are both
mainly influenced by lenghtMI and Density, but
they only represent a smaller part of the total
variance, 8.7% and 7.6%, respectively.

the total variance and the Eigenvalues from
subsequent dimensions are much smaller than
1.00. Therefore, dimensions after the fourth
are considered as noise. The analysis (Figure 4)
showed that three main clusters were found,
where the first cluster only consisted of four
individual accessions.

Country of origin explains the variance
All 200 L. mutabilis accessions are presented in
the factor map of Figure 3. Accessions are
coloured according to their country of origin.
Three significantly different clusters (p=0.05)
are highlighted. The first group with origin ‘Ex
URSS’ is significantly different from the second
group, with origin ‘Bolivia’ and ‘Perú’, and also
significantly different form the third group,
with origin ‘Ecuador’ and ‘NA’ (Not Available).
The first group is characterized by small plants
and small pods, whereas the second group
consist of small plants but wider pods than the
first group. In addition, the third group is
mainly characterised by large plants and an
average PodsWidth.
Three clusters were found
hierarchical clustering analysis

by

using

Based on the principal component analysis, a
hierarchical clustering analysis has been
performed (Figure 4). From all dimensions in
the principal component analysis, only four
dimensions are kept, as they explain 83.6% of

Phenotypic Diversity in Andean Lupin

Figure 4: Hierarchical tree of 200 L. mutabilis accessions
based on the first four dimensions of the principal
component analysis. In black is cluster 1, in red is cluster
2 and in green is cluster 3.
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Table 4: Description of each cluster by correlations with
the different traits and origins.
Triats

Cluster 1

Cluster 2

Cluster 3

origin=Bolivia

-0.345

4.2

-4.04

origin=Ecuador

-1.79

-9.56

10.1

origin=Ex URSS

5.01

-0.668

-2.14

origin=NA

-0.428

-3.02

3.18

origin=Perú

-1.25

9.86

-9.42

Density

-5.49

2.44

-0.878

dtef

-3.63

-11.1

12

dtff

-2.88

-11.3

12

dth

-4.54

-11.1

12.3

firstBranch

-3.1

-9.96

10.8

ft

-3.57

-7.49

8.45

hundredsWeight

-9.06

-5.31

7.83

lenghtMI

0.422

-2.91

2.77

log10SeedYield

-6.07

-6.78

8.45

Pheight

-4.84

-9.03

10.3

PodsLength

-5.69

-4.6

6.18

PodsN

-2.35

-8.76

9.37

PodsWidth

-6.03

0.99

0.716

as they are characterised by differences in
flowering, morphology and yield traits.
Ecotype 1 (cluster 1) consists of only four
accessions which are all originated from ‘Ex
URSS’. Ecotype 2 (cluster 2) mainly consists out
of accessions which are originated from Peru
and Bolivia whereas ecotype 3 (cluster 3)
mainly consists of accessions originated from
Ecuador and not assigned (NA) origins (Table
4). These three ecotypes are similar to the
groups that are based on country of origin in
Figure 3. In addition, a chi-square test showed
a significant assosiation between origin and
the different clusters (p<0.001).
Three different ecotypes in 200 L. mutabilis
accessions
Three different ecotypes are described by the
hierarchical clustering analysis. Ecotype 1 is
mainly described by small plants, small pods
and low yield traits. Ecotype 2 is very similar to
ecotype 1, but has wider pods and is faster
maturing as the flowering traits are smaller,
like less days to first flowering and less days to
harvesting. Furthermore, ecotype 2 has even
smaller plants than ecotype 2 and a lot less
branches of the first order (firstBranch) while

Hierarchical clustering is similar to grouping
by country of origin
The individual accessions and the according
clusters can be seen in Figure 5. The different
clusters can be considered different ecotypes,

Figure 5: Factor map of the first two principal components and all 200 L. mutabilis accessions which are coloured by their
cluster.
Phenotypic Diversity in Andean Lupin
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the centre of other clusters. On top of the most
specific accessions, also the most average
accessions per ecotype are selected (Table 6).
Table 6: Most average accessions for each ecotype,
ordered from (top) the most average to (bottom) less
average.

Ecotype 1

Ecotype 2

Ecotype 3

LIB226

LIB142

LIB018

LIB188

LIB130

LIB177

LIB186

LIB137

LIB029

LIB187

LIB047

LIB082

LIB119

LIB168

Heritabilities per ecotype are different from
general heritabilities
Heritabilities of the traits are different per
ecotype. Table 7 shows that in general the
heritabilites are lower than the overall
heritabilities in Table 2. Ecotype 1 has high
heritabilities
for
dtef,
Pheight
and
hundredsWeight, 0.70, 0.82 and 0.57,
respectively. Ecotype 2 has four heritabilities
which are higher than 0.50: dtff, dtef, dth and
hundredsWeight. This is similar to the
heritabilities across all ecotypes (Table 2).
Ecotype 3 has very low heritabilities, but still
the highest ones are found for PodsWidth,
PodsLength and dtff (0.42, 0.41 and 0.37,
respectively).

Figure 6: Example of accessions that belong to a
different ecotype. LIB113 belongs to ecotype 2 and is
characterised by small plants, whereas LIB085 is part of
ecotype 3 and characterised by tall and large plants.
These two pictures are taken from a different trial with
the same accessions, in Europe.

maintaining a similar yield as ecotype 1 (Table
1) (example LIB113 can be found in Figure 6).
On the contrary, ecotype 3 is maturing later
than both other ecotypes (low flowering
parameters), is characterised by large plants
(example LIB085 in Figure 6) and high yield
traits.

DISCUSSION
Statistical analyses have been performed to
investigate phenotypic variability in L.
mutabilis germplasm and identify relevant
breeding traits for the development of high
yielding varieties. Promising accessions were
presented based on different criteria. The
results of this study will be of interest for lupin
breeders to design lupin breeding programmes
aiming at introducing L. mutabilis for
commercial cultivation. Improved yield, early
maturing genotypes are primary aims to breed
for commercial cultivation of L. mutabilis
(Gulisano et al. 2019). The variation found for
seed yield is the highest variation registered in
this study (CV = 73.8%, Table 1). Heritability is
a parameter that is commonly used among

Table 5: Most specific accessions for each ecotype,
ordered from (top) the most specific to (bottom) less
specific.
Ecotype 1

Ecotype 2

Ecotype 3

LIB226

LIB142

LIB018

LIB188

LIB130

LIB177

LIB186

LIB137

LIB029

LIB187

LIB047

LIB082

LIB119

LIB168

Selected accessions based on the three
ecotypes
For all three clusters several accessions were
selected corresponding to the most specific for
each ecotype (Table 5). This means that the
selected accessions are the furthest away from

Phenotypic Diversity in Andean Lupin
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as number of days (Hardy et al. 1998). In white
lupin a heritability of 0.48 has been found for
flowering time (calculated as sum of
temperatures above 3°C) (Lagunes-Espinoza et
al. 1999). These studies have in common that
they found a higher environmental variance
component for flowering related traits than
this study found. Flowering time in general is a
complex trait and is influenced by circadian
systems, which are influenced by genetic and
environmental
cues.
Daylength
and
temperature are two main environmental cues
that influence the circadian system and thus
flowering time traits (Simpson and Dean 2002;
Yanovsky and Kay 2001; Suárez-López et al.
2001). Therefore, the selection of two
locations with similar temperatures and
daylength could give rise to lower
environmental variance and result in higher
heritabilities than expected. On top of that, the
coefficients of variation are low for these
flowering traits, ranging from 9.4% to 12.4%,
and thus support this hypothesis (Table 1). In
addition, a study that found 0.97 as heritability
for days to first flowering but for faba beans,
also had limited variation in different
environments (TOKER 2004). High heritabilities
for flowering traits were also found in L. albus,
but also here the location variance was limited
(only to France) (Julier et al. 1995).These
findings suggest that the heritability found for
these three flowering traits perhaps are higher
than expected because the heritabilities for
flowering parameters in other studies are
much lower than the heritabilities found in this
study. Therefore, the focus is on the remaining
two traits that have a high correlation with
seed yield and a high heritability: Pheight and
hundredsWeight., A high heritability for plant
height and hundred seed weight was found in
faba beans, 0.83 and 0.99, respectively (TOKER
2004). In L. albus and L. angustifolius, a high
heritability has been found for seed weight as
well (0.94 and 0.95) and a significant positive
correlation coefficient of 0.39 and 0.42 with
seed yield, which was the second highest
correlation of seed weight with any trait in
both crops (Julier et al. 1995; Beyer et al.

Table 7: Heritabilities calculated from the variance
components calculated from a random effects model per
ecotype.
Heritablity (H2)

ecotype 1

ecotype 2

ecotype 3

dtff

0.00

0.62

0.37

dtef

0.70

0.57

0.07

ft

0.00

0.23

0.03

dth

0.00

0.63

0.31

lenghtMI

0.00

0.13

0.09

Pheight

0.82

0.39

0.00

firstBranch

0.00

0.28

0.00

PodsN

0.00

0.00

0.00

PodsLength

0.00

0.00

0.41

PodsWidth

0.00

0.34

0.42

Density

0.00

0.17

0.02

hundredsWeight

0.57

0.54

0.28

log10SeedYield

0.00

0.13

0.00

breeders to estimate gain from selection
(Johnson et al. 1955). The heritability of
log10SeedYield is low (0.39) and the
environmental variance component is high,
meaning that this trait is mainly influenced by
the environment, and therefore it is not wise
to select only for high seed yield. This outcome
is as expected, because seed yield in general is
a complex trait and influenced by many genetic
components. Therefore it is fundamental to
investigate correlations between different
traits and yield to allow indirect selection of
quantitatively inherited characteristics of yield
or other complex traits (Mazid et al. 2013).
High heritabilities have been found for other
traits than seed yield, mainly flowering traits
(dtff, dtef and dth), plant height (Pheight) and
hundred seed weight (hundredsWeight). A
correlation analysis showed that these traits
have a high and significant (p<0.05) correlation
with log10SeedYield, r2 ranging from 0.55 up to
0.71 (Figure 2). Similar heritabilities for
flowering traits like dtff were also found by
other studies, but not as high as in this study.
Heritability for dtff in L. mutabilis found in
another study, was only 0.32, but this was still
one of the highest heritabilities found in this
study (Sawicka-Sienkiewicz and Kadłubiec
2000). Furthermore, a moderate heritability
has been found for L. mutabilis flowering date
(0.49) but this has been calculated in degreedays whereas in this study it is just calculated
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2015). Following these findings and the results
of this study, Pheight and hundredsWeight are
two important traits to select for to improve
total seed yield, due to the relatively high
heritabilities and high correlations with
log10SeedYield (Table 2, Figure 2).

mutabilis, suggesting that these are already
products of breeding attempts (Guilengue et
al. 2019). A separate random effects analysis
for ecotype 1 found high heritabilities for dtef,
Pheight and hundredsWeight whereas
heritabilities of all other traits were <0.01
(Table 7). This could mean that these
accessions have been selected for slow
maturity (slow flowering traits), tall plants and
small seeds (Table 4).

Seed yield could also be improved by hybrid
breeding. Heterosis is a widely known
biological phenomenon in plant breeding and
is described as superior F1 performance over
the performance of its parents (Georgiev
1991). Improved yield is one main advantage
of hybrid breeding in numerous crops including
legumes, like pigeon peas and faba beans
(Bohra et al. 2020; Ghaouti et al. 2016). One of
the basics of F1 hybrid breeding is that parents
should be genetically different. Therefore, the
partitioning of the 200 accessions into three
ecotypes is important for selecting
phenotypically, and therefore probably also
genetically different, accessions for hybrid
breeding.

However, one of the primary goals for
commercial cultivations of L. mutabilis is to
breed for early maturing genotypes (Gulisano
et al. 2019). Early maturing accessions can be
described in this study by low values for
flowering traits (dtff, dtef, ft and dth).
Therefore, the accessions with early maturity
are mainly present in ecotype 2 (Table 4). It is
promising to start breeding with the highest
yielding accessions of ecotype 2 to achieve
early maturing, high yielding crops. As a result,
the five highest yielding genotypes of ecotype
2 were: LIB230, LIB122, LIB091, LIB046 and
LIB050. Finding LIB230 (INIAP-450 ANDINO
1999) here is not surprising, as this accession is
already the result of >15 years of selecting L.
mutabilis genotypes by researchers of the
Legume and Andean Grain National Program
(PRONALEG-GA/INIAP), who aimed at early
maturing, uniform white seed and high yielding
genotypes (Cesar et al. 2015).

The principal component analysis and
clustering analysis in this study resulted in the
description of three ecotypes (Table 4). The
main difference among these ecotypes is that
ecotype 3 is characterised by tall and branched
plants whereas ecotype 1 and 2 are
characterised by small plants. This main
difference corresponds to a small plant
ecotype which is found above an altitude of
3500m, and two tall and branched plant
ecotypes where the first produces more than
50% of the seed weight on the main stem and
is found in Andean valleys of Peru and Bolivia.
The second tall and branched ecotype is
characterised by low seed production on the
main stem and originated from frost free
climates in Ecuador, Colombia and Northern
Peru (Guilengue et al. 2019; Gross 1982). A few
promising accessions of the three ecotypes
described in this study can be found in Table 6
and Table 5. Ecotype 1 only consist of four
individual accessions according to the
clustering analysis and all have the same origin,
Ex-Soviet Union (Ex URSS) (Table 4). The ExSoviet Union is not a native origin of L.

Phenotypic Diversity in Andean Lupin

Next to the highest yielding accessions of
ecotype 2 and the most average or specific
accessions of all three ecotypes (Table 6 and
Table 5), a few other accessions should be
considered as promising too. Some flowering
colours differed within accessions, which
resulted in the identification of rare
phenotypes with specific colours (Table 8).
White flower wings colour has been found in
LIB018 and LIB151 and white flower keel
colour has been found in LIB049, LIB072,
LIB186 and LIB188. In addition, two rare
colours were found for flower bud colour: lilac
in LIB005 and bluish violet in LIB189 and
LIB226. However, not all plants within the
accessions have the same colour. Flower
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colour traits in general are genetically
determined (Grotewold 2006; Winkel-Shirley
2001). There are two possible explanations for
the observed difference of colour within
accessions. First, it could be that the
classification of the colours has not been
perfect, and thus it resulted in different scores
for the same colours within accessions.
Another, more probable explanation is that
cross fertilisation has occurred in the seed
propagation of the 200 L. mutabilis accessions.
Cross fertilisation has been observed within L.
mutabilis up to almost 20% which could mean
that the accessions are not pure lines (Blanco
Galdos 1982; Gnatowska et al. 2000). Hence,
different trait colours within the same
accessions become possible. As a result of the
different colours within accessions, these traits
could not be implemented into the principal
component analysis.

resource for breeders to select their accessions
on, when breeding for heterosis or specific
traits. Breeding for early maturing, high
yielding genotypes of L. mutabilis, is needed to
commercially grow the crop. The earliest
maturing genotypes are found in ecotype 1
and 2 and the highest yielding genotypes are
found in ecotype 3. Therefore, it is advised to
select the best performing accessions in
ecotype 2 and 3 and breed inside the ecotype
for the best possible genotype. At the end,
hybrid breeding should be performed between
the best genotypes of ecotype 2 and ecotype
3. However, it would be interesting to add
more data to the principal component analysis,
such as genetic data or cell wall composition
data, to improve the clustering and perhaps
discover more different ecotypes.
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For future research it will be interesting to
include more and different types of data into
this model, such as genetic data. However, to
suppress labour and costs, it will be beneficial
to exclude certain accessions in future analysis.
Based on the results of this study, certain
accessions can be excluded in future research
while not losing too much variation. Clustering
analysis selected fourteen different accessions
which are most average for the ecotypes
(Table 6). However, as ecotype 1 only consists
of four accessions, it is wise to not eliminate
these. As a result, only accessions from
ecotype 2 and ecotype 3 should be eliminated,
starting with the five most average accessions
per ecotype (Table 6).
CONCLUSIONS
The results of this study have established a
good basis for selecting accessions and
relevant traits for breeding programmes that
aim to develop L. mutabilis into a commercial
crop, both in South America and in Europe. For
example, plant height and hundred seed
weight are two traits for which it is useful to
select for to improve seed yield. Additionally,
the three discovered ecotypes are a good
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SUPPLEMENTARY FIGURES AND TABLES
Table 8: Frequencies of qualitative traits in 200 L. mutabilis accessions. These colours were scored according to a scale of 1 to 7
where 7 was other. However, values that exceeded 7 were also present, these are kept under 'weird'.
Qualitative traits

White

Pink

Lilac

Flower bud colour (flbc)

964
(96.4%)
2 (0.2%)

0 (0%)

Flower wings colour
(flwc)
Flower keel colour (flkc)
Standard
marginal
band colour (stmbc)
Standard intermediate
region colour (sirc)

Violet

Other

Weird

Missing

1 (0.1%)

BluishViolet
2 (0.2%)

0 (0%)

0 (0%)

11 (1.1%)

22 (2.2%)

86 (8.6%)

567 (56.7%)

283 (28.3%)

0 (0%)

0 (0%)

40 (4.0%)

22 (2.2%)

6 (0.6%)
0 (0%)

86 (8.6%)
86 (8.6%)

569 (56.9%)
569 (56.9%)

282 (28.2%)
283 (28.3%)

0 (0%)
0 (0%)

0 (0%)
0 (0%)

35 (3.5%)
40 (4.0%)

22 (2.2%)
22 (2.2%)

865
(86.5%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

105 (10.5%)

8 (0.8%)

22 (2.2%)

Table 9: Average environmental conditions of the two locations (April - December 2019).

Estación Experimental
Santa Catalina (Assay 1)

Plaza Arenas (Assay 2)

Province
Coordinates
Altitude
Soil type

Pichincha, Ecuador
-0.370872, -78.552140
3060
Clay

Cotopaxi, Ecuador
-0.926418, -78.668710
2948
Sandy

Average Max Temp °C
Average Min Temp °C
Average Temp °C
Total Precipitation Apr
– Dec (mm)

19.1
7.3
12.7

NA
NA
13.5

862

348

99

100

22

22

75

80

194

198

Izobamba Weather
Station, 2019

Rumipamba-Salcedo
Weather Station, 2019

Average Max Relative
Humidity (%)
Average Min Relative
Humidity (%)
Average Relative
Humidity (%)
Average global solar
radiation (W/m2)
Source*
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Figure 7: Boxplots summarizing thirteen quantitative traits in a
L. mutabilis trial in 2 different environments. Assay 1 = Santa
Catalina, Assay 2 = Plaza Arenas. The horizontal line in each plot
represents the mean of the traits. The box represents the
interquartile range, and the dots represent the outliers.
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Cell wall diversity in Lupinus mutabilis
INTRODUCTION
Biomass: improved economic suitability for L. mutabilis

The production of biomass from L. mutabilis could actually impact the economic value of this
crop, due to the growing demand of biomass in Europe (Gulisano et al. 2019; Connolly et al.
2016). The main reason for this is that bioenergy is the only direct alternative for fossil fuels
in the current energy system. A transition to bioenergy implies a replacement of coal with
biomass, oil with biofuels, and gas with biogas or gasified biomass. The result of a direct
alternative to fossil fuels is that most of the existing energy infrastructure and institutions can
be maintained. However, the main issue in this transition remains the availability of biomass
(Connolly et al. 2016). Therefore, the economic value of biomass increases, and it becomes
interesting to produce biomass as a by-product of L. mutabilis. The use of L. mutabilis as a
source of biomass could also contribute to increase the economic suitability of the cultivation
of this species in Europe. However, this will depend on L. mutabilis biomass quantity and
quality. In many crops, a positive correlation between seed yield and biomass production is
present, which means that when L. mutabilis is bred for increased seed yield there is a fair
chance that this could lead to an increase in biomass production (Caligari et al. 2000). The
positive correlation is probably caused by the increase in the size of the vegetative organs of
the crop. Moreover, L. mutabilis naturally produces substantial quantities of biomass (shoot
biomass up to 14 t/ha (Gregory et al. 2000)), which is an interesting feature in combination
with the capability to grow on marginal lands in temperate climates like in Europe. However,
in order to get biomass that is useful, it is important to produce high yielding biomass crops
of high quality (van der Weijde et al. 2016). Up until now, there has not been any research on
the biomass yield and quality of the dicot L. mutabilis. Biomass consists mainly of secondary
cell walls, and therefore biomass quality will mainly depend on the cell wall composition
(Doblin et al. 2010).

Figure 8: Schematic illustration of the spatial arrangement of polymers in a pectin rich primary cell wall of plants. Pectic
polysaccharide represents pectin, and xyloglucan is an example of hemicellulose. Lignin is not represented because it is a
small molecule that crosslinks hemicellulose. Taken from (Doblin et al. 2010)
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Cell wall components: cellulose most economic valuable component

The quality of biomass for different by-products is highly dependent on the cell wall
composition. Cell wall components make up for a large percentage of the cell dry matter and
consist of the primary cell wall, the middle lamella and the secondary cell wall. Cell walls of
monocots and dicots are mainly composed of lignin, hemicellulose and cellulose and in dicots,
like lupin, also pectin (Chundawat et al. 2011; Doblin et al. 2010; Petit et al. 2019). The spatial
arrangement of those cell wall components can be seen in Figure 8, except for lignin.
Lignins are phenyl-propanoid polymers composed of three monolignols which are syringyls,
guaicyls and p-hydroxyphenyls, whereas the other main components (cellulose, hemicellulose
and pectin) are polysaccharides (Doblin et al. 2010). Cellulose is a complex macromolecule
that consists of β(1,4) linked D-glucose units (Chundawat et al. 2011). Hemicelluloses can be
extracted by alkaline solutions and are complex heteropolysaccharides that can be classified
into four structurally different classes, xyloglucans, mannans, β-glucans and xylans. These
four polysaccharide classes differ in backbone monosaccharides and sidechains (Chundawat
et al. 2011). Pectin is another heteropolysaccharide but is not extractable by alkaline
solutions. Pectin is mainly composed of galacturonic acid residues (Voragen et al. 2009;
Chundawat et al. 2011). Lignin crosslinks hemicellulose resulting in an impermeable matrix
that strengthens the cell wall and protects the cell wall polysaccharides against hydrolysis.
This interaction makes lignin content one of the main limiting factors to the extraction of
fermentable polysaccharides from cell wall (Chundawat et al. 2011). However, breeding for
lignin content could be hard as abiotic and biotic stresses generally have a high influence on
the lignin content of the cell wall, which is shown in several different plants but not yet in L.
mutabilis (Moura et al. 2010). Depending on the final use of biomass, a different composition
of the cell wall might appear more suitable. Breeding for cell wall components related traits
can play an important role to achieve this goal.
The best cell wall composition for biomass purposes is mostly defined by a high proportion of
cellulose, because most microbes that are industrally used prefer or explicitly use hexose over
pentose sugars (Kim et al. 2012). Therefore, increasing the proportion of hexose sugars in
biomass is a popular strategy among lignocellulosic biomass breeders. Hexose sugars in the
plant cell wall come mainly from the glucose building blocks in cellulose (Baral et al. 2019). In
order to increase the proportion of hexose in lignocellulosic biomass, two main strategies can
be used. The first strategy is to increase the proportion of cellulose in the secondary cell wall.
The second strategy is to increase the proportion of hexoses (like galactan) in the other
polysaccharides hemicellulose and pectin (Baral et al. 2019). However, first the cell wall
composition of L. mutabilis needs to be elucidated before there can even be bred for biomass
composition. This study will assess the diversity in stem cell wall composition across different
L. mutabilis accessions to investigate the biomass posibilities in L. mutabilis.
MATERIALS AND METHODS
Plant material

For this study 226 different accessions of L. mutabilis were grown on two different locations,
one in the Netherlands and one in Portugal. On both locations three replicates per accession
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were grown in a randomized complete block design. 1356 plants stem samples were collected
(226 accessions L. Mutabilis x 2 locations x 3 replicates = 1356 samples). Each sample includes
the middle section of the main stem of 6 biological replicates growing within the same plot.
The samples were dried after harvest at 50 °C until constant temperature was reached and
dry matter weight was recorded. The samples were grinded to powder (1 millimetre) to
perform the biochemical analyses.
Near Infrared Reflectance Spectrometry (NIRS)

Near-infrared absorbance spectra of all 1350 L. mutabilis stem samples was obtained using a
Foss DS2500 near-infrared spectrometer (Foss, Hillerød, Denmark). Spectra were obtained
from 1 scan per sample from 400 to 2500 nm using intervals of 2 nm with ISI-Scan software
(Foss, Hillerød, Denmark). The spectra were analysed by WinISI 4.9 statistical software (Foss,
Hillerød, Denmark) and it selected the 97 most different spectra that are needed to be
elaborately analysed biochemically for cell wall composition.
Optimizing biochemical analysis: starch removal
The possibility to further optimize the biochemical analysis method for L. mutabilis was
investigated, by reducing unnecessary steps (Petit et al. 2019). In particular, the inclusion of
the de-starching step is unnecessary if the stems of lupin show a very low starch content. A
protocol based on iodine/potassium iodide stain was developed to check for the presence of
starch in the samples (Pettolino et al. 2012). This protocol was developed by mixing Lugol’s
solution with mQ water and an aliquot of grinded sample to see if the colour of the solution
changed from brownish to blueish/blackish. This test is a colorimetric method, and therefore
the change of colour allows the detection of starch (McGrance et al. 1998). The results were
further validated by looking for starch granules under the microscope.
Biochemical analysis

All steps in this biochemical analysis have been performed for a small subset of samples which
were grown in two different locations in Europe in order to get familiar with the protocol and
investigate the difference in biochemical analysis with and without starch removal step for a
few L. mutabilis stem cell wall samples.
Statistical analysis
Analysis of Variance (ANOVA) has been performed by using IBM SPSS Statistics and R version
3.6.3 software (R Core Team 2020). Significant differences were calculated by using the
TukeyHSD function in R.
Planned but not performed due to Covid 19 regulations:
The cell wall composition data obtained by biochemical analysis will be used to predict the
remaining samples. The biochemical data will be input to the WinISI version 4.9 software,
which will predict the cell wall composition of the other samples based on their spectra.
Afterwards, the obtained prediction model will be validated by testing a set of random
samples (~25). The biochemical analysis for the 97 selected samples was not started due to
the covid-19 measures taken by the government of the Netherlands and Wageningen
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University and Research. All samples that were selected by the WinISI version 4.9 software
were tested for starch presence. This was checked by using an iodine/potassium iodide stain
according to the protocol developed in this thesis (Pettolino et al. 2012). This optimization of
the biochemical analysis protocol increased the repeatability and high-throughput capacity of
the method for L. mutabilis.
Cell wall extraction

The samples selected by using near-infrared reflectance spectrometry were analysed using
the optimized method for obtaining cell wall composition, based on alcohol insoluble residue
(AIR) (Petit et al. 2019; Pettolino et al. 2012). The selected stem samples of L. mutabilis
accessions were already grinded to 1 millimetre. From this grinded sample, 1 gram has been
weighted and the dry matter weight has been separately determined at 103 °C in Eppendorf
tubes. Next, the alcohol insoluble residue has been isolated by using 80% ethanol, methanol
and later acetone to wash out the intracellular components. The samples were dried by using
the RapidVap Vaccum Dry Evaporation System (Labconco, Kansas City, MI, United States) at
first at 500M var, 20% speed and 30°C but during the process the pressure was gradually
reduced to allow evaporation of solvents without increases in temperature, that might
damage the samples.
In case starch has been detected in the samples, a de-starching step took place. Starch was
removed from the samples by using Tris-Maleate buffer and an α-amylase enzyme. Both were
added to the samples and incubated several times in an HLC thermomixer at 40°C with
smooth shaking (300 rpm). After these steps, the α-amylase enzymes were inactivated by
adding ethanol and polysaccharides were precipitated at -20°C for 1 hour. Next, the samples
were washed by using ethanol and dried by using the RapidVap Vacuum Dry Evaporation
System (Labconco, Kansas City, MI, United States).
The obtained pellet represented the alcohol insoluble residue. The weight of this residue has
been considered as dry matter weight of the cell wall residue and thus it was mainly
composed of cellulose, hemicellulose, pectin and lignin.
Monosaccharide composition

From the cell wall residue of each sample 20 milligram has been hydrolysed using sulfuric
acid, to investigate the chemical composition of the cell wall. The hydrolysis of the
polysaccharides consists of two steps: in the first step the sample was incubated with 72%
H2SO4 at 30°C to weaken the linkages in polysaccharides chains. In the second step MQ was
used to dilute the concentration of H2SO4 to 4% in the samples and incubate them at 121°C
for 1 hour to completely break the polysaccharide chains into monosaccharides. After this
hydrolysis, the supernatant (that contains the monosaccharides) has been separated from the
pellet by centrifugation and filtration using a centrifuge, a 3-millilitre syringe and a filter.
An aliquot of the supernatant was analysed in an HPLC (High Performance Liquid
Chromatography) on a DionexTM ICS-5000C DC equipped with a Dionex CarboPacTM PA100G BioLCTM column (2 mm x 250 mm) preceded by a similar guard column (2 mm x 250
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mm) (Thermo Fisher Scientific, Sunnyvale, CA, United States) in order to classify and quantify
the monosaccharides present in the cell wall residue.
Quantification of Lignin

The pellet obtained after the hydrolysis has been used in a Klason Lignin test, to determine
the amount of lignin in the sample. Here, the pellet was considered to be mainly lignin and
ash since the other main cell wall components are hydrolysed polysaccharides and therefore
present as monosaccharides in the supernatant and not in the pellet anymore. The pellet has
been washed several times and emptied on a filter. This filter has been dried at 103°C and
weighted afterwards. This was the weight of the Klason lignin and ash that was present in the
sample. Due to the very low amount of Klason lignin cumulated on the filter, a further
separation of ash from Klason lignin cannot be performed as it is not possible to really quantify
ash. Finally, the stem cell wall compositions were determined based on the monosaccharide
composition and the outcome of the Klason Lignin test.
RESULTS AND DISCUSSION
Protocol for testing starch presence
To test for starch presence in grinded L. mutabilis stem samples, the following protocol was
performed for six different samples of L. mutabilis in duplo:
1. Put half a teaspoon of the sample
in a 50mL tube
2. Add MQ until it reaches 10 mL
3. Add 5 drops Lugol solution
4. Vortex.

The test also included two control tubes that contained a uniform mix of grinded stem of L.
mutabilis) and two positive control tubes that contained a uniform mix of grinded freezedried potato stem. Hence, this resulted in sixteen different tubes that were treated according
to the above protocol (Figure 2). However, due to the covid-19 measures Figure 9 is not
complete. Tube ‘Contr1’ and ‘Potato’ have been treated with more than only five drops of
Lugol solution and no negative control (by skipping step 1 of the protocol) is added. This, of
course, would have been fixed if the covid-19 measures would have allowed that.

Figure 9: Picture of sixteen tubes that contain six L. mutabilis accessions sample in duplo, two control samples and two potato
stem samples and are treated according to the protocol except for ‘Potato’ and ‘Contr1’.
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Starch presence

In Figure 2 can clearly be seen that the potato stem solutions have turned dark blue-ish,
whereas the other samples are just a dilution of the Lugol solution colour (brownish), which
can be compared to the negative control (not in this thesis). In addition, Contr1 and Potato
are darker than the other samples, but this is just because more than 5 drops of Lugol solution
has been added because the test has not been hundred percent completed. In general, Figure
2 indicates that the samples that are not potato samples do not contain a significative amount
of starch. However, to prove this assumption, the stem samples were analysed further by
analysing them under a microscope (Figure 3). In picture 1, 2 and 17 from Figure 3, stained
starch granules are present in the potato material whereas they are absent in lupin. This result
confirms our expectation based on the outcome of the colorimetric assessment and enabled
us to validate the method.
Biochemical analysis L. mutabilis samples with and without starch treatment
The same six L. mutabilis samples that were used in the starch experiment were also analysed
biochemically (including the control sample). Based on the previous test results in the starch
experiment, no difference was expected between the two treatments. The analysis resulted
in the percentages of monosaccharides and Klason Lignin of the total cell wall residue. No
significant difference in monosaccharide composition was found between the samples
treated with α-amylase and the one without, except for glucosamine (p<0.05) (Table 11). This
result could be explained by the small sample size, but also by the low glucosamine
percentages of the total cell wall residue (ranging from 0.07% to 0.12%) and therefore is a
detection problem. However, another reason could be the presence of small amounts of fungi
in the samples. Chitin is a primary building block of cell walls of fungi. Sulphuric acid (H 2SO4)
is able to hydrolyse chitin and chitosan (which is a primary component of chitin), only the
hydrolysis of chitin remains very inefficient (Zhang et al. 2009). In addition, α-amylase can
break down chitosan as well which results in glucosamine monosaccharides (Pan et al. 2011).
Thus, it could be that the sulphuric acid hydrolysed part of the chitin that was present in the
sample and that α-amylase broke down chitosan and chitin further. Hence, we can expect
slightly more glucosamine in the samples that are treated with α-amylase. If this is true, we
would expect that chitin would precipitate as Klason Lignin in the non α-amylase treated
samples. However, no significant difference was found. This could be because it is only about
such small amounts of glucosamine (mean difference ~0.02%) compared to the total Klason
lignin amounts (~33%) or due to the lower accuracy of the Klason Lignin estimation method.
Biochemical analysis difference in soil-type
In Table 10 and Figure 11, the differences can be seen among the several samples and
treatments. No significant differences among the sand and clay treatment were found for
glucosamine, glucose, mannose and xylose, but significant differences were found for
rhamnose, arabinose, galactose, galacturonic acid, glucuronic acid, and Klason Lignin
percentages (Table 10). Especially the significant higher percentage of Klason Lignin in the
sandy soil is expected, as a sandy soil indicates more abiotic stress (Moura et al. 2010). As a
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result, other components should make up a significant lower percentage of the total cell wall,
which is the case for arabinose, galactose and glucuronic acid (Table 10).
Table 10: Summary table of all samples and all treatments for the starch protocol test. Sample 1,3,5,7,9,11 and 13 are not
treated with α-amylase, whereas the other samples are. The letters in the last three columns indicate the significant
differences among the overall treatments (p<0.05).

sample
treatment
replicates
Rhamnose
Arabinose
Glucosamine
Galactose
Glucose
Mannose
Xylose
Galacturonic acid
Glucuronic acid
total CW
Klason Lignin
total
sample
treatment
replicates
Rhamnose
Arabinose
Glucosamine
Galactose
Glucose
Mannose
Xylose
Galacturonic acid
Glucuronic acid
total CW
Klason Lignin
total

1
control
(N=3)
0.592
1.4
0.1
1.83
45.5
1.22
12.7
4.66
0.268
68.3
30.8
99.1
10
sand
(N=3)
0.597
0.963
0.0995
1.16
41.9
1.3
12.5
5.83
0.211
64.5
34
98.6

2
control
(N=3)
0.6
1.51
0.124
2.02
47.2
1.2
11.9
5.06
0.266
69.8
32
102
11
sand
(N=3)
0.621
1.23
0.0873
1.34
38.8
1.3
12.1
5.98
0.21
61.6
34.3
96

3
clay
(N=3)
0.617
1.19
0.0761
1.57
42.8
1.29
13.6
4.73
0.237
66.1
31.5
97.6
12
sand
(N=3)
0.62
1.14
0.106
1.41
40.8
1.27
12.3
5.71
0.207
63.6
32.5
96.1

4
clay
(N=3)
0.608
1.09
0.0883
1.52
43
1.31
13.4
4.68
0.227
66
31.2
97.2
13
sand
(N=3)
0.635
1.05
0.0866
1.06
39.7
1.34
12.3
6.12
0.199
62.5
39.4
102

5
clay
(N=3)
0.603
1.08
0.0766
1.83
44.8
1.21
13.1
4.1
0.223
67
33.5
100
14
sand
(N=3)
0.634
1.1
0.114
1.08
38.5
1.4
11.9
6.33
0.185
61.3
38.2
99.5

6
clay
(N=3)
0.578
1.18
0.107
1.78
40.9
1.22
12.4
4.2
0.233
62.6
33.2
95.8

7
clay
(N=3)
0.616
1.36
0.075
1.69
41.1
1.29
11.7
5.4
0.232
63.5
32.2
95.7
Overall
clay
(N=18)
0.594 a
1.2 a
0.0893 a
1.69 a
41.8 a
1.26 ab
12.4 a
4.59 a
0.23 a
63.8 a
32 a
95.8 a

8
clay
(N=3)
0.544
1.3
0.113
1.77
38
1.23
10.3
4.42
0.228
57.8
30.2
88.1
Overall
control
(N=6)
0.596 ab
1.45 b
0.112 b
1.93 b
46.3 b
1.21 b
12.3 a
4.86 a
0.267 b
69 b
31.4 ab
100 a

9
sand
(N=3)
0.611
0.989
0.0788
1.21
41.9
1.21
12.7
5.64
0.211
64.5
31
95.5
Overall
sand
(N=18)
0.62 b
1.08 c
0.0954 ab
1.21 c
40.3 a
1.3 a
12.3 a
5.94 b
0.204 c
63 a
34.9 b
97.9 a

CONCLUSION
The biochemical analysis for cell wall composition could be further optimized for L. mutabilis
by removing the starch removal by α-amylase. However, to be sure that none of the samples
contain a significant amount of starch, the starch test should be performed according to the
protocol presented in this study. Also, significant differences were found in cell wall
composition of L. mutabilis grown in a clay soil and in a sandy soil. This means that the
environment has a significant influence in the cell wall composition of L. mutabilis, which is
especially reflected by the percentage of Klason lignin in the cell wall.
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Figure 10: Microscopic images from stem samples of different L. mutabilis accessions grown in two locations and freeze
dried potato stem sample treated with Lugol solution. Legend: 1. Grinded and freeze dried stem of potato A, 2. Same
sample as 1, but higher magnification (potato A), 3. L. mutabilis control sample 1, 4. L. mutabilis control sample 2, 5. L.
mutabilis sample 3, 6. L. mutabilis sample 4, 7. L. mutabilis sample 5, 8. L. mutabilis sample 6, 9. L. mutabilis sample 7, 10.
L. mutabilis sample 8, 11. L. mutabilis sample 9, 12. L. mutabilis sample 10, 13. L. mutabilis sample 11, 14. L. mutabilis
sample 12, 15. L. mutabilis sample 13, 16. L. mutabilis sample 14, 17. Grinded and freeze dried stem of potato B
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Table 11: Analysis of variance (ANOVA) in SPSS for monosaccharide composition of two biochemical analysis treatments:
with and without starch removal step.
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Figure 11: Graphs of all monosaccharides and all treatments for the starch protocol test. The letters indicate the significant
differences among the treatments (p<0.05). Standard deviation is represented by the error bars.
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