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Abstract: Andean lupin in Europe has regained interest in recent years due to its high seed protein 
and oil content and its potential use for food, feed as well as a crop used in biorefineries. A search 
for suitable germplasm in combination with a determination of appropriate agronomical practices 
such as planting date are needed for commercial farming in new areas. The current study aims to 
evaluate the performance of six selected L. mutabilis accessions in a Mediterranean area using two 
different planting dates for two consecutive experimental years. A split plot design with accessions 
as subplots and planting dates as main plots was used. Measurements such as days to flowering, 
plant height, total number of pods and seeds per plant, seed yield and seed crude protein content 
were taken. All accessions performed better when cultivation started not later than the end of 
autumn since high temperatures occurred during late spring shortened the growth cycle and 
reduced yield. Earlier cultivation applied, in the middle of autumn, did not enhance significantly 
seed yield production. Among the accessions, LIB223 was characterized by the highest seed crude 
protein content in the early planting treatment, while accessions with prolonged growth cycle 
(LIB209, LIB214 and LIB223) produced higher seed yield than other accessions and could be further 
studied as promising breeding material for cultivation under the edaphoclimatic conditions tested. 

Keywords: Lupinus mutabilis; crude protein; lupins; nutrient content; planting date; seed 
production; Southern Europe; tarwi 

 

1. Introduction 

Lupins (Lupinus spp.) have been cultivated since antiquity [1], as a multipurpose crop used for 
animal feed, pasture improvement, manure and for human consumption, in food processing, 
medicine, cosmetics, as ornamentals, as well as for enhancing symbiotic nitrogen fixation [2–5]. They 
also contribute to soil erosion prevention and soil stabilisation [6], leading to soil sustainability [7]. 

A lupin domestication process took place in Europe, around Mediterranean Sea and in parallel, 
independently, in the Andes [8]. Among approximately 280 species belonging to the genus Lupinus 
[9], Andean lupin (Lupinus mutabilis Sweet) is the only New World cultivated species that is an 
agronomic crop and according to historical evidence it was well known even during the Incan empire 
[10,11]. 

Andean lupin, also known as “Tarwi” or “Chocho”, was primarily domesticated around 700–
600 B.C. [12]. Recently its cultivation in its center of origin has been reduced and farmers are 
producing it mainly for their own consumption and not for selling [13]. However, interest in Andean 
lupin cultivation in Europe and Australia [8] has increased in the last few decades because of its high 
seed protein (>40%) [14] and its good oil quality reaching up to 20% [6,15,16], two traits that present 
weak or no correlation and therefore selection can be applied for high values in both [16–18]. 
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Even though lupin use was restricted in the past to few areas, due to the high seed alkaloid 
content which can reach up to 5%, the interest in this crop has been rekindled in the last few years as 
breeding lines with low alkaloid levels have been developed [19]. Andean lupin has been introduced 
into cultivation in Europe at an experimental, although not yet a commercial, scale [7]. This could be 
attributed to its economically insufficient yield [13] as its cultivation often results in low or unstable 
seed production [7] and its productivity is not comparable to that of the European domesticated lupin 
species, such as Lupinus albus and Lupinus angustifolius [8]. 

Low yield production partially is attributed to the contrasting planting dates applied and 
climatic conditions prevailing during initial vegetative period in the mid- to high-elevation Andean 
areas, like in Peru or Bolivia [20] and the different parts of Europe [16] where lupin is cultivated. 
More specifically, in the Andes direct sowing takes place in a warm and rainy season favorable for 
Andean lupin [16] while a spring direct sowing and short cultivation period that lasts till autumn is 
usually applied in Northern European countries. On the other hand, an autumn direct sowing takes 
place in Southern Europe followed by a cold, rainy winter as well as terminal drought stress and high 
air temperature early in the summer that often leads to increased percentages of flower abortion and 
non-uniform pod filling [14,21,22]. The necessity of evaluation of L. mutabilis and other lupin species 
for several traits has been emphasized by Sawicka-Sienkiewicz et al. [23] and Clements et al. [24], as 
they can be affected significantly by environmental factors. Evaluation of germplasm in combination 
with determination of appropriate agronomical practices such as cultivation period across Europe is, 
therefore, crucial. In this respect, Galek et al. [25], assessed 12 L. mutabilis genotypes regarding their 
seed coat thickness for increased seed coat permeability to water, aiming to enhance seed 
germinability under European climatic conditions. A total number of eleven L. mutabilis 
indeterminate genotypes were evaluated in five locations across Europe regarding their plant 
architecture and phenology [26]. 

Due to the short cultivation period available in Northern and Central Europe, breeding for early 
maturity had been suggested since the late 1970s [27] and started in the early 1980s [18]. Semi-
determinate and determinate growth types were developed for that reason [28–30] and many of them 
were derived after induced mutations [25]. In Poland, determinate and indeterminate morphotypes 
were evaluated for different sowing dates during the spring/summer season, with the indeterminate 
types producing higher yield than the determinate ones in all sowing date treatments applied [31]. 
Significant higher seed yield was also recorded by Gas [32] for indeterminate types in comparison 
with the determinate L. mutabilis growth type, while late direct sowing during spring resulted in a 
lower number of pods and seeds per plant. 

Several L. mutabilis genotypes were also evaluated for their life cycle duration and growth type, 
as these traits are significantly related to earliness [13,14] and, therefore, to the ability of L. mutabilis 
genotypes to escape the harsh climatic conditions prevailing at the end of the Mediterranean spring. 
Extensive branching types with indeterminate growth were more easily adapted and productive than 
the determinate types under Mediterranean climatic conditions [16]. In Spain, a tested L. mutabilis 
accession was damaged during winter cultivation because of low temperatures [33]. However, high 
genetic variability has been observed among Andean lupin genotypes regarding their plant height 
and branching screened under Portuguese Mediterranean conditions [34]. Recently, 23 L. mutabilis 
accessions subjected to molecular analysis and evaluated for Mediterranean conditions adaptability 
in a two-year experiment. Among them a promising indeterminate accession for high yield under 
Mediterranean conditions as well as a semi-determinate accession were found [35]. 

Given the limited published works regarding Andean lupin genotypes performance under a 
Mediterranean climate, during autumn/winter cultivation period and the research on applying 
different planting dates, in this study we hypothesized that different planting dates, during 
autumn/winter season under a Mediterranean climate, will affect phenological stages, agro-
morphological and seed nutrient traits and in general the performance of L. mutabilis accessions with 
different growth types. The objectives were to evaluate six L. mutabilis accessions, to assess the effect 
of planting date on their phenology and agronomical performance and to investigate what is the 
suitable growing season for L. mutabilis in the studied location. 
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2. Materials and Methods 

2.1. Plant Material 

Plant material used included six L. mutabilis accessions. Among the accessions, LIB209, LIB214 
and LIB223 were characterized by a prolonged indeterminate growth habit, one has been 
characterized as a semi-determinate genotype (LIB220) while the other two (LIB221 and LIB222) were 
characterized by a restricted indeterminate growth habit. Two commercial cultivars of Mediterranean 
origin species were also used, one of L. albus (cv. Multitalia) and one of L. angustifolius (cv. Polo), as 
well as one L. albus cultivar of Portuguese origin under registration process (LIB224) as controls for 
comparing the ability of L. mutabilis to enter the successive plant developmental stages studied. Due 
to reduced seed availability, all seeds were put and pre-germinated on filter paper after disinfection 
with hypochlorite solution 20% for 2–3 min and subjected to incubation at 25 °C temperature. When 
the radicles reached a length of 1 cm, they were inoculated with Bradyrhizobium lupini (HiStick®), 
transplanted to a greenhouse using as substrate peat: perlite (2:1) for a two-week growing period and 
then transplanted to their final position in the field. 

2.2. Experimental Design 

Two cultivation dates were applied in a field at Agricultural University of Athens (AUA), in 
Athens, Greece (37°59′03.5′′ N, 23°42′10.0′′ E, 24 m.a.s.l.), in each of the two consecutive years. 
Monthly meteorological data throughout the cultivation period are presented in Figure 1. Plants were 
cultivated in a sandy clay loam (SCL) soil (pH: 7.86, CaCO3: 17.47%, O.M.: 3.22%, N: 0.196%, P: 45.46 
ppm, K: 881.33 ppm). The soil in the area was classified as Regosols according to Yassoglou et al. [36]. 
Pre-germination application took place on 15 November 2017 and on 8 January 2018 in the first 
experimental year and on the 9 October 2018 and the 6 November 2018 in the second experimental 
year, for early and late planting treatments, respectively. A split-plot arrangement was used in a 
randomised complete block design (RCBD) with three replications, where planting date treatments 
formed the main plots, while the lupin accessions the sub-plots. A 30 cm row to row distance and an 
inter-row spacing of 20 cm were applied, resulting in a total number of 30 plants per plot. 

 
Figure 1. Mean, max and min monthly air temperature (°C) and precipitation (mm) during the two 
consecutive experimental years (2017–2018) and (2018–2019). 
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2.3. Plant Measurements 

Τhe percentages of plants of each accession that failed to reach the flowering stage, form pods, 
fill and keep their pods, and produce seeds were recorded in each year under each planting treatment. 
Measurements were also taken regarding plant phenological traits, namely number of days from 
sowing seeds on filter paper to main stem beginning of flowering (DAF) and pod maturity (DMAT). 
Length of main inflorescence (cm) (INL), plant height from the ground to the bottom of the main stem 
inflorescence when the main stem started flowering (cm) (PH), height from ground to the point where 
the first branch attaches the main stem (cm) (H1STBR) and height from ground to the first branch’s 
inflorescence (cm) (H1STBRFL) were also recorded. 

Measurements related to pod and seed traits as well as seed yield were also taken. These 
included pod length (cm) (PL), pod width (cm) (PW), total number of pods per plant (PPPL) and total 
number of seeds per plant (SPPL). Number of pods and seeds in each order of inflorescences were 
also measured separately. Total seed weight per plant (g) was also measured and used for seed yield 
(kg ha−1) (SY) extrapolation. All observations and measurements were taken on 12 central plants per 
accession per plot. 

2.4. Determination of Seed Nutrient Content 

Crude protein (%), potassium (K) and phosphorus (P) content was determined in L. mutabilis 
seeds by bulking samples of 50 seeds per plot. For K and P analysis, 0.50 g of each sample subjected 
to dry ashing in a muffle furnace at 550 °C for 5 h. Samples used to extract K and P by means of 1 N 
HCl. Potassium content was estimated by flame photometry (Sherwood Scientific Model 410, 
Cambridge, UK). Phosphorus content assessed using the Murphy–Riley method and measured 
photometrically as phosphor-molybdate blue complex at 880 nm (Biochrom Αnthos Zenyth 200rt, 
Holliston MA, USA). For crude protein content analysis (%), Kjeldahl-N method was used to 
determine the nitrogen content of L. mutabilis accessions in ground 1 mm size dry seed samples (FOSS 
Analytical LabtecTM Digestor Basic, Hilleroed, Denmark). Crude protein content was then calculated 
by multiplying N by the factor 6.25 (FOSS Protein Analyzer 8400 Kjeltec, Hilleroed, Denmark). 
Chemical composition analysis was carried out in duplicate. 

2.5. Statistical Analysis 

The statistical analysis was performed separately for the two consecutive experimental years, 
because the late planting dates were substantially different between the two years, and as a result, 
separate analysis allowed for better interpretation of the results. Residuals of all studied traits, after 
square-root transformation applied for INL, DAF, PPPL, SPPL and logarithm (log) transformation 
applied for PH, H1STBR, H1STBRFL and SY, subjected to normality test as well as checked for their 
homoscedasticity for each of the two experimental years. Analysis of variance (ANOVA) for split-
plot design was, therefore, applied for field and for nutrient traits studied for each experimental year, 
followed by Tukey’s (honest significant difference, HSD) (p ≤ 0.05) means comparison method, using 
a STATGRAPHICS Centurion statistical package [37]. Spearman’s rank correlation coefficients were 
performed, using the initial data obtained for traits that were not following a normal distribution, for 
each experimental year, using the software package STATISTICA 8.0 for Windows [38]. A principal 
component analysis (PCA) was also conducted, in order to classify the accessions during each 
experimental year by using the statistical program JMP-8 [39]. For meteorological data display and 
column charts Microsoft Excel was used [40].  
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3. Results 

3.1. Phenology of Andean Lupin Accessions 

3.1.1. Ability of Plants to Enter Phenological Stages 

Andean lupin plants ability to grow and enter the reproductive stage was similar to that of the 
two lupin species L. albus and L. angustifolius cultivated under Mediterranean environment (Table 1). 
LIB209, LIB214 and LIB221 presented low percentages of both non-flowering as well as non-podding 
plants taking into consideration both experimental years. Late planting date resulted in slightly 
increased percentages of losses during flowering and podding stages in comparison to the early one 
(Table 1). Late planting date, under the first experimental year, also led to higher percentages of 
plants with pod abscission and non-filled seeds in comparison to the early one in most accessions 
(Table 2). Maximum air average temperature higher than 25 °C was recorded for April and higher 
than 29 °C for May in both experimental years (Figure 1), when the plants under both planting date 
treatments applied were entering podding stage and filled their seeds. 

Table 1. Percentages (%) of plants of each accession/cultivar studied across the three replications, for 
the two planting date treatments and during two consecutive experimental years (2017–2018) and 
(2018–2019) that failed to flower and form pods. 

Accession/Cultivar 
Planting Date 

Treatment 

Plants Without Flowers 
(%) 

Plants Without Pods 
(%) 

2017–2018 2018–2019 2017–2018 2018–2019 

cv. Multitalia Early 2.78 0.00 5.56 5.56 
 Late 2.78 0.00 16.67 2.78 

cv. Polo Early 0.00 5.56 0.00 22.22 
 Late 2.78 11.11 13.89 36.11 

LIB209 Early 0.00 0.00 0.00 2.78 
 Late 0.00 8.33 8.33 13.89 

LIB214 Early 0.00 0.00 0.00 0.00 
 Late 0.00 0.00 0.00 0.00 

LIB220 Early 0.00 2.78 0.00 16.67 
 Late 8.33 2.78 13.89 22.22 

LIB221 Early 0.00 0.00 0.00 0.00 
 Late 2.78 2.78 19.44 11.11 

LIB222 Early 0.00 2.78 0.00 13.89 
 Late 16.67 0.00 22.22 13.89 

LIB223 Early 2.78 0.00 2.78 8.33 
 Late 5.56 2.78 5.56 11.11 

LIB224 Early 0.00 0.00 0.00 0.00 
 Late 0.00 0.00 2.78 2.78 

Table 2. Percentages (%) of plants of each accession/cultivar studied across the three replications, for 
the two planting date treatments and during two consecutive experimental years (2017–2018) and 
(2018–2019) that failed to keep and fill their pods and produce seeds. 

Accession/Cultivar 
Planting Date 

Treatment 

Plants with Empty Pods 
or Pod Abscission (%) Plants Without Seeds (%) 

2017–2018 2018–2019 2017–2018 2018–2019 
cv. Multitalia Early 5.56 5.56 5.56 5.56 

 Late 16.67 2.78 33.33 2.78 
cv. Polo Early 0.00 27.78 0.00 50.00 
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 Late 38.89 63.89 52.78 63.89 
LIB209 Early 0.00 19.44 0.00 22.22 

 Late 13.89 16.67 19.44 29.44 
LIB214 Early 0.00 5.56 2.78 5.56 

 Late 16.67 11.11 16.67 11.11 
LIB220 Early 8.33 25.00 8.33 25.00 

 Late 33.33 22.22 47.22 44.44 
LIB221 Early 0.00 19.44 0.00 19.44 

 Late 22.22 16.67 36.11 16.67 
LIB222 Early 2.78 27.78 2.78 41.67 

 Late 50.00 13.89 61.11 27.78 
LIB223 Early 2.78 44.44 8.33 52.78 

 Late 5.56 16.67 8.33 16.67 
LIB224 Early 8.33 13.89 8.33 13.89 

 Late 5.56 2.78 5.56 2.78 

3.1.2. Plant Flowering and Pod Maturity 

A statistically significant effect of Planting date x Accession interaction on days to flowering and 
days to pod maturity was recorded for both years. Planting date main effect was statistically 
significant for days to pod maturity, whereas it did not have an impact on days to flowering during 
both experimental years. Days to pod maturity were statistically significantly decreased under a late 
planting date application in both years for most of the accessions studied (Table 3). Among the 
accessions, LIB223 was the latest flowering accession under all treatments applied for both years 
except from the very late planting in the first year, while LIB221 the earliest one when planted during 
October/November in the second year. LIB223 and LIB214 were among the latest maturing accessions 
in the first and second experimental years, respectively, under the early planting treatments applied 
(Table 3). 

Table 3. Number of days to flowering (DAF) and pod maturity (DMAT) for L. mutabilis accessions, 
under an early or a late planting date, for each one of the two consecutive experimental years (2017–
2018) and (2018–2019). 

Accession Planting Date Treatment 
DAF DMAT 

2017–2018 2018–2019 2017–2018 2018–2019 

LIB209 Early 103.36 c 126.25 e 176.14 c 199.52 b 
 Late 92.97 ef 125.41 e 133.78 ij 165.42 i 

LIB214 Early 104.92 c 130.36 de 185.11 b 204.53 a 
 Late 98.17 d 125.94 e 145.25 g 172.92 g 

LIB220 Early 110.75 b 138.04 bc 168.17 d 198.89 b 
 Late 92.01 ef 135.26 cd 134.93 i 170.04 h 

LIB221 Early 89.86 f 110.36 g 151.36 f 186.44 e 
 Late 94.02 def 116.41 f 135.85 i 160.94 j 

LIB222 Early 104.61 c 135.44 cd 155.17 e 193.26 d 
 Late 95.23 de 138.08 bc 142.80 h 172.64 g 

LIB223 Early 119.72 a 145.64 a 203.33 a 195.89 c 
 Late 92.55 ef 141.56 ab 132.34 j 178.94 f 

Main Effects 
Early 105.54 131.01 173.21 a 196.42 a 
Late 94.16 130.44 137.49 b 170.15 b 

LIB209 98.17 c 125.83 c 154.96 c 182.47 c 
LIB214 101.54 b 128.15 c 165.18 b 188.72 a 
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LIB220 101.38 b 136.65 b 151.55 d 184.47 b 
LIB221 91.94 d 113.39 d 143.61 f 173.69 d 
LIB222 99.92 bc 136.76 b 148.99 e 182.95 c 
LIB223 106.14 a 143.60 a 167.84 a 187.41 a 

Significance 
Planting date n.s. n.s. *** ** 

Accession *** *** *** *** 
Planting date x Accession *** *** *** *** 

n.s.: non-significant, **: significant at the 0.01 level, ***: significant at the 0.001 level. Means in columns 
with different letters are statistically significantly different at p ≤ 0.05 using Tukey’s (HSD). 

3.2. Agro-Morphological Traits 

3.2.1. Plant Morphological Traits 

Planting date x Accession interaction was statistically significant on all plant morphological 
traits studied, except for height from ground to the point where the first branch attaches the main 
stem during the second experimental year (Table S1). The effect of planting date was statistically 
significant only in the case of plant height and height from the ground to the first branch’s 
inflorescence during the first experimental year and height from the ground to the point where the 
first branch attaches the main stem in both experimental years. The effect of Accession was 
statistically significant in every case while higher level of significance was recorded for planting date 
treatment and Planting date x Accession interaction in the first experimental year in comparison to 
the second one for the majority of morphological traits studied (Table S1). High temperatures 
prevailed during flowering and podding stages and prevented plants from gaining a plant height 
higher than 1 m despite the indeterminate growth habit of most accessions. 

3.2.2. Pod Traits 

Pod length, pod width and total number of pods per plant were affected statistically significantly 
by the interaction of Planting date x Accession in both experimental years (Table S2). However, 
Planting date main effect was statistically insignificant for all pod traits studied in the second year as 
well as for pod width in the first experimental year (Table S2). All accessions with the exception of 
LIB220 presented statistically significantly lower total number of pods per plant under a late planting 
date in the first year, whereas in the second experimental year there were not statistically significant 
differences in the total number of pods per plant under early and late planting date, except in the 
case of LIB223 (Table S2). 

The number of pods of main inflorescence constituted the main proportion of the total number 
of pods for the majority of L. mutabilis accessions expressed as sum of all pods produced in 36 plants 
measured per accession per treatment and year (Figure 2). Furthermore, only few accessions 
produced pods in the 2nd order inflorescences, while none of the accessions studied produced pods 
of 3rd order or higher (Figure 2) due to high temperatures prevailed during flowering and podding 
stage. 
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Figure 2. Total number of pods (NPODM), number of pods in first order branch (NPOD1ST) and 
number of pods in second order branch (NPOD2ND) from all plants of each L. mutabilis accession 
used, under an early or a late planting date treatment in each of the two consecutive experimental 
years (2017–2018) and (2018–2019). 

3.2.3. Seed Traits and Yield 

In the first experimental year, the total number of seeds per plant and seed yield production (kg 
ha−1) were statistically significantly increased under an early planting date application compared to 
the late planting treatment. Contrary to the first experimental year, in the second experimental year 
there was not a statistically significant effect of Planting date on total seed number and seed yield 
(Table 4). However, a statistically significant effect of Planting date x Accession interaction on total 
number of seeds per plant and seed yield was found. All L. mutabilis accessions performed higher 
seed yield under the early planting date in comparison to the very late planting date applied in the 
first experimental year. In the second experimental year, only LIB223 presented statistically 
significant lower seed yield production under late planting date application in comparison to the 
early one. Interestingly, some of the accessions, named LIB209, LIB214 and LIB221 presented 
increased seed yield under late planting application in the second experimental year, however they 
were not statistically significant (Table 4). The number of seeds of the main stem constituted the 
higher proportion of total number of seeds (Figure 3) and contributed more in most cases in total seed 
production than seeds produced by the 1st and 2nd orders of inflorescence. 

Table 4. Total number of seeds per plant (SPPL) and seed yield (SY) (kg ha−1) of L. mutabilis accessions, 
under an early or a late planting date, for each one of the two consecutive experimental years (2017–
2018) and (2018–2019). 

Accession 
Planting Date 

Treatment 

SPPL SY 

2017–2018 2018–2019 2017–2018 2018–2019 

LIB209 Early 26.14 bc 19.83 abc 770.34 b 327.38 bc 

 Late 11.55 e 23.64 ab 165.19 cd 396.34 b 

LIB214 Early 39.44 a 15.04 abcd 1085.88 a 318.09 bc 

 Late 13.33 de 19.56 abc 298.48 cd 418.35 b 

LIB220 Early 18.36 cde 7.80 d 468.42 c 174.66 c 
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 Late 9.40 e 9.39 cd 135.28 d 161.72 c 

LIB221 Early 36.94 a 11.41 cd 895.91 ab 147.04 c 

 Late 15.54 de 13.63 bcd 233.27 cd 280.94 bc 

LIB222 Early 31.62 ab 13.29 bcd 475.47 c 166.62 c 

 Late 11.30 de 13.68 cd 125.70 d 161.72 c 

LIB223 Early 24.40 bcd 25.58 a 721.95 b 872.91 a 

 Late 8.51 e 16.98 abcd 157.01 cd 404.70 b 

Main Effects 

Early 29.48 a 15.49 736.33 a 334.45 

Late 11.60 b 16.15 185.82 b 303.96 

LIB209 18.84 bc 21.73 a 467.76 bc 361.86 b 

LIB214 26.39 a 17.30 ab 692.18 a 368.22 b 

LIB220 13.88 c 8.60 c 301.85 d 168.19 c 

LIB221 26.24 a 12.52 bc 564.59 ab 213.99 c 

LIB222 21.46 ab 13.48 bc 300.58 d 164.17 c 

LIB223 16.45 bc 21.28 a 439.48 bcd 638.81 a 

Significance 

Planting date * n.s. * n.s. 

Accession *** *** *** *** 

Planting date x Accession ** * *** *** 

n.s.: non-significant, *: significant at the 0.05 level, **: significant at the 0.01 level, ***: significant at the 
0.001 level. Means in columns with different letters are statistically significantly different at p ≤ 0.05 
by Tukey’s (honest significant difference, HSD). 

 

Figure 3. Total number of seeds (NSEEDM), number of seeds in first order branch (NSEED1ST) and 
number of seeds in second order branch (NSEED2ND) from all plants of each L. mutabilis accession 
used under an early or a late planting date treatment in each of the two consecutive experimental 
years (2017–2018) and (2018–2019). 

3.3. Seed Nutrient Content 

The amount of crude protein (%) content in Andean lupin seeds was affected by the interaction 
of Planting date x Accession in both experimental years, with most of the accessions presenting a 
higher crude protein content under the late in comparison with the early planting date in the first 
year (Table S3). Only LIB223 and LIB209 presented statistically significant higher seed crude protein 
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content under the early planting date applied in the first year. In the second experimental year, slight 
differentiation observed for each accession when an early or a late planting was applied (Table S3). 
Seed crude protein content in the first experimental year was higher in the L. mutabilis accessions 
LIB223 (45.40%) and LIB209 (43.81%) in the early sowing treatment while the lowest content was 
observed in LIB222 (32.56%) under early planting date treatment (Table S3). In the first experimental 
year, the lowest seed potassium content 8.10 mg g−1 recorded in LIB214 and LIB222 under the late 
and early planting date treatment, respectively, while the highest content in LIB220 (10.20 mg g−1) in 
early sowing treatment. In the second year, seed potassium content ranged from 8.36 mg g−1 (LIB209) 
to 10.05 mg g−1 (LIB221) among the accessions studied (Table S3). Additionally, phosphorus seed 
content varied statistically significant among the L. mutabilis accessions with LIB214 resulting in the 
highest phosphorus content in both experimental years (Table S3). 

3.4. Investigation of Correlations among Traits 

In the first experimental year, a significant positive correlation was observed between many 
traits such as plant height and length of main inflorescence, height from ground to the first branch’s 
inflorescence, days to pod maturity, total number of pods per plant, total number of seeds per plant 
and seed yield (p < 0.001) (Table S4). Days to main stem flowering correlated moderately significantly 
and positively to days to pod maturity (r = 0.656, p < 0.001), while days to pod maturity correlated 
moderately significantly and positively to the total number of pods per plant (r = 0.515, p < 0.001). 
Plant height, days to pod maturity and pod length correlated moderately positively with seed yield 
(p < 0.001), while total number of pods and total number of seeds per plant correlated significantly to 
seed yield (Table S4). Regarding seed nutrient traits studied there were no significant correlations 
observed (p < 0.001) (Table S4). 

In the second year, a moderate positive correlation was observed between plant height and 
height from ground to the lower first branch attached point to the main stem as well as height from 
ground to the first branch’s inflorescence (r = 0.649 and r = 0.576 for both traits respectively, p < 0.001) 
(Table S5). Height from ground to the lower first branch attached point to the main stem correlated 
significantly positively to height from ground to the first branch’s inflorescence (r = 0.740, p < 0.001). 
Days to main stem flowering and days to pod maturity did not correlate statistically significantly to 
the total number of pods per plant. Total number of pods per plant and total number of seeds per 
plant correlated significantly positively with seed yield (r = 0.770 and r = 0.867 for both traits 
respectively, p < 0.001) (Table S5). As in the first experimental year, there were no significant 
correlations observed among seed nutrient traits studied (Table S5). 

3.5. Principal Components and Classification of Andean Lupin Accessions 

PCA was performed to reduce the dimensionality of the data and to classify the accessions. The 
first three axes of PCA explained 79.46% of the total variation presented in the first experimental year. 
Plant height, length of main inflorescence, days to pod maturity, pod length, total number of pods 
per plant, total number of seeds per plant as well as seed yield were related to the first principal 
component (PC1, 51.64%). Height from ground to the point where the first branch attaches the main 
stem, height from ground to the first branch’s inflorescence and days to main stem flowering 
contributed to the second principal component (PC2, 18.04%) (Table 5; Figure 4a). Seed crude protein 
and phosphorus content were related to the third principal component (PC3, 9.78%) (Table 5). 

Table 5. Principal component coefficients (PC) based on the traits studied for each one of the two 
experimental years. 

Trait 2017–2018 2018–2019 
 PC1 PC2 PC3 PC1 PC2 PC3 

PH 1 0.848 0.419 0.156 0.634 0.735 0.122 
INL 2 0.841 0.461 −0.169 0.736 0.627 0.005 

H1STBR 3 0.101 0.935 −0.121 0.309 0.925 −0.018 
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H1STBRFL 4 0.193 0.893 0.002 0.419 0.882 −0.029 
DAF 5 0.414 0.775 0.103 0.188 0.455 −0.593 

DMAT 6 0.714 0.627 0.073 −0.142 0.920 −0.011 
PL 7 0.928 0.174 −0.013 0.542 0.371 0.603 
PW 8 0.399 −0.111 −0.171 0.709 0.222 0.571 

PPPL 9 0.872 0.235 0.316 0.844 0.251 −0.297 
SPPL 10 0.850 0.104 0.389 0.917 0.026 −0.194 

SY 11 0.923 0.218 0.182 0.914 0.263 0.026 
Crude protein −0.023 0.077 −0.832 0.880 0.170 −0.283 

Potassium −0.003 0.486 −0.473 −0.265 0.008 0.903 
Phosphorus 0.185 0.057 0.902 0.772 0.159 0.129 

1 PH: plant height, 2 INL: length of main inflorescence, 3 H1STBR: height from ground to the lower 
first branch attached point to the main stem, 4 H1STBRFL: height from ground to the first branch’s 
inflorescence, 5 DAF: days to main stem flowering, 6 DMAT: days to pod maturity of the plants, 7 PL: 
pod length, 8 PW: pod width, 9 PPPL: total number of pods per plant, 10 SPPL: total number of seeds 
per plant, 11 SY: seed yield. Traits related most with each axis are presented in Bold. 

In the second experimental year, the first three axes of PCA, explained 85.61% of the total 
variation. Length of main inflorescence, pod width, total number of pods per plant, total number of 
seeds per plant, seed yield, seed crude protein and phosphorus content related to the first principal 
component (PC1, 55.38%). Plant height, height from ground to the point where the first branch 
attaches the main stem, height from ground to the first branch’s inflorescence and days to pod 
maturity contributed to the second principal component (PC2, 15.74%) (Table 5; Figure 4b). Seed 
potassium content related to the third principal component (PC3, 14.49%) (Table 5). Length of main 
inflorescence, total number of pods per plant, total number of seeds per plant and seed yield were 
the traits that contributed the most in the first principal axis during both experimental years (Table 
5; Figure 4a,b). 

  
(a) (b) 

Figure 4. Trait loadings of principal component analysis (PCA) during (a) first experimental year and 
(b) second experimental year. 

Andean lupin accessions formed two separate groups in the first experimental year based 
mainly on the seed yield-related traits studied, in which all the accessions were found to be more 
productive under the early planting date applied (Figure 5, Table 4). In contrast to the first year, in 
the second experimental year an analogous classification was not observed (Figure 6). However, 
LIB209, LIB214 and LIB223 accessions both under an early or a late planting date treatment were 
differentiated from the other accessions (Figure 6). 
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Figure 5. Principal component analysis (PCA) of the six L. mutabilis accessions (ΑCC CODE) in the 
first experimental year (2017–2018) based on traits studied and projection of the traits studied. The six 
L. mutabilis accessions are indicated by different symbols, while early and late planting date 
treatments are indicated by red and blue symbols’ color, respectively. 

 

Figure 6. Principal component analysis (PCA) of the six L. mutabilis accessions (ΑCC CODE) in the 
second experimental year (2018–2019) based on traits studied and projection of the traits studied. The 
six L. mutabilis accessions are indicated by different symbols, while early and late planting date 
treatments are indicated by red and blue symbols’ color, respectively. 

4. Discussion 

Andean lupin accessions, using transplantation due to limited plant material, were evaluated 
under an autumn/winter cultivation period, showed an overall ability to enter the different plant 
phenological stages under a typical Mediterranean climate of Greece and the high alkaline soil that 
characterizes large areas in the region. Despite the fact that the area is characterized by mild winters, 
an autumn planting could be a limiting factor, especially for indeterminate growth accessions that 
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need vernalization [26,41] in contrast to the determinate accessions [41]. However, only a few plants 
did not initiate their meristems and enter the flowering stage regardless of their growth type. 

In the region, high air temperatures over 25–28 °C prevail at the end of spring and drought 
conditions are common during the late spring to summer period. These conditions increase the pollen 
sterility of lupins [10], while air temperatures over 33 °C induce flower and pod abortion [42,43], 
leading to increased seed yield losses that reach even 59–73% [14]. High air temperature prevailed 
during the flowering (>25 °C) and podding stage (>29 °C) in both years and low rainfall regimes from 
May to July during the second experimental year negatively affected all accessions and led to 
increased percentages of plants with unfilled seeds and pods abscission, especially under the very 
late planting treatment applied in the first experimental year. It is crucial, therefore, to screen and 
select genotypes with increased drought tolerance [15] that can express various tolerance 
mechanisms [44]. Plants under all treatments due to heat stress were not able to produce pods and 
seeds of a third or a higher order of branches. The same observation has also been mentioned by 
Neves-Martins et al. [16] who reported that 95% of the total production of L. mutabilis was due to its 
main and first order inflorescences under Portuguese climatic conditions and by Adhikari et al. [45] 
in L. angustifolius. 

Life-cycle shrinkage, fewer days to pod maturity and hindered plant morphological traits such 
as plant height, decreased total pod and seed number per plant as well as reduced seed yield recorded 
in most accessions under late planting treatments. Shorter vegetative growth and faster pod-filling 
periods, as well as reduced seed yield production, have also been reported in many legume species 
under heat stress [46]. In addition, a significant effect of planting treatment on the number of days 
from sowing to pod maturity has also previously been mentioned by López-Bellido et al. [47], Keeve 
et al. [48] and Christiansen and Jørnsgård [49] in L. albus and L. angustifolius accessions. In the second 
experimental year, an accession effect on most traits was evident, while an earlier planting date (in 
October) did not lead to enhancement of yield. Traits like plant height, days to maturity and seed 
yield primarily contributed to the first two axes indicating their high impact on lupin differentiation 
[50]. Planting from late October to November is, therefore, advised in the area, while among the four-
planting date/year applications, the early treatment of the first experimental year resulted in 
enhanced plant growth and higher seed yield production and, therefore, was considered as the most 
favorable. Planting from October to November has also been proposed for Portuguese Mediterranean 
conditions [16,51]. 

Strong positive correlations were observed between plant height and height from ground to the 
first branch’s infloresence, days to pod maturity, total number of pods per plant, total number of 
seeds per plant and seed yield indicating the importance of growth type selection to breed for seed 
yield [15]. The importance of correlation of plant architecture to phenological and agronomical traits 
and the feasibility of breeding for favorable genotypes aiming to increase yield production has been 
previously underlined by Römer and Jahn-Deesbach [18], Hardy et al. [26] and Guilenge et al. [35]. 

The accessions with long life cycle and indeterminate growth (LIB209, LIB214 and LIB223) were 
affected mostly by the unfavorable climatic conditions at the end of the summer that prevented them 
from producing pods and seeds of a third or higher order of branches. The results reinforce the view 
that in Southern Europe Andean lupin cultivation should focus on seed production [16] as large 
biomass production is inhibited by drought and high temperatures [52]. The L. mutabilis accessions 
evaluated yielded lower than the 1.5 t ha−1 on average that is considered as desirable for cultivation 
on a commercial scale and was achieved under European climatic conditions [18,31,35], thus more 
research is needed to increase yield in Greece. However, a yield of 130 kg ha−1 in Ecuador is 
considered common [53]. 

The very low yield that was recorded in Andean lupin accessions could be due to the high 
percentage of soil calcium carbonate and pH value, as their negative impact on lupins is very well 
documented [54–56]. Planting density applied in our experiment was also very low (16.6 plants per 
m2) due to the availability of limited seed lots. Pszczółkowska et al. [31] applied seed rates of 60, 90, 
120 per m2, leading to higher seed yield in comparison to our experiment. A denser planting is, 
therefore, suggested, especially for semi-determinate and indeterminate genotypes which are 
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characterized by a restricted growth and a tendency to produce pods only in the main stem, resulting 
therefore in lower yield production in comparison to the indeterminate growth accessions as in white 
lupin [57]. Seed yield extrapolation depends also on the calculation method followed and can also 
lead to discrepancy among seed yield obtained among studies [18]. Calculation of seed yield 
depending on seed yield per plant, as implemented in this study, usually results in higher seed yield 
(kg ha−1) values [58]. 

Indeterminate accessions with long life cycle performed better than the restricted indeterminate 
type accessions (LIB221, LIB222) and the semi-determinate accession (LIB220) tested in the three less 
favorable planting date/year combinations. Semi-determinate and determinate accessions proposed 
as preferable [13,35,59] were not considered as suitable for cultivation in the area. LIB223 was the 
indeterminate accession that was affected mostly by late planting, probably due to its very late 
flowering and delay in entering production. A long life-cycle indeterminate growth type with early 
flowering, which does not develop all branches and flowers at the same time, can compensate better 
for abiotic stresses during the cultivation period [42,60]. LIB209 and LIB214 are, therefore, considered 
as most promising for cultivation in the area. However, the heritability of flowering had been found 
to be low for L. mutabilis in comparison to other lupin species [26,35]. 

Attempting to predict developmental stages, except temperature effect and genotype, daylength 
effect should be also considered, as it is primarily responsible for lengthening or shortening time 
period from sowing to flowering and to maturity [47,48,61] and controlling annual legumes 
phenology [62]. The impact of the photoperiod should also be investigated, as it seems to influence 
various lupin species [41,45,63,64] and relative references are contradictory regarding L. mutabilis 
genotypes response to photoperiod [14,41,65–68]. Planting treatment affected statistically 
significantly the number of days to pod maturity whereas it did not influence the number of days to 
flowering. Genotype was the main factor that affected the entrance to flowering stage. Therefore, 
temperature and photoperiod needs should be assessed separately for each developmental stage as 
proposed by Myers et al. [69]. 

Further investigation regarding heat units (HU) for each accession and for each developmental 
stage would also be helpful in the selection of appropriate Andean lupin genotypes, as an early 
flowering and rapid pod filling period genotype could escape terminal drought and high 
temperatures [16]. However, rapid pod filling is accompanied by poor seed filling, as the availability 
of nitrogen and carbon assimilates to seeds is restricted under drought [70,71] and high temperatures 
occurrence [72], due to hampered photosynthesis [71]. A shorter period of seed filling led to a smaller 
seed size of white lupins [73] as well as to reduced seed yield of narrow-leafed lupins [71]. Therefore, 
an early pod filling genotype should be accompanied by a fast and high transfer of accumulates in 
seeds [74]. 

Andean lupin seed macronutrient traits studied, were not affected significantly by the planting 
treatments applied, with the exception of seed crude protein content in the first experimental year 
under the late planting treatment. The higher seed crude protein content under the very late planting 
treatment of the first year indicates a higher mobilization of nitrogen from stems to seeds, for most 
accessions, during pod formation until maturity, compared to the early planting treatment, due to 
higher temperatures that occurred during this period, as described previously for different crops by 
Gonzalez-Dugo et al. [75]. On the contrary, LIB223 and LIB209 presented a statistically significant 
lower amount of seed protein content under late planting in the first year. Defining plant nitrogen 
nutrition status is complicated because soil and plant biological processes directly interfere with N 
availability and uptake [75]. Further investigation is, therefore, needed regarding Andean lupin 
accessions capacity for nitrogen assimilation and remobilization [75], differentiation in high 
temperature and drought response mechanisms [76–80] as well as soil characteristics that can affect 
nitrogen uptake and mobilization [81]. 

Crude protein values obtained, were within the range of values 32% to 52.6% reported in 
previous studies [13,82]. Indeterminate growth accessions did not present higher seed crude protein 
content than the semi-determinate and the restricted intermediate growth types. Our results display 
a discrepancy with those presented from Pszczółkowska et al. [31] that reported higher seed protein 
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content of an indeterminate genotype (38%) than a determinate one (35%), while are in consistency 
with Adomas et al. [21] that reported no differences regarding indeterminate and determinate 
Andean lupin genotypes. These differences are probably due to the different germplasm used as 
statistically significant differences among accessions were recorded during our study. 

Seed potassium values obtained were lower than those reported by Carvajal-Larenas et al. [82] 
for Andean lupin raw seeds that ranged from 11.30 to 14.00 mg g−1, while a higher potassium content 
was found than the 7.6 mg g−1 on average reported by Adomas et al. [21]. Differentiations in seed 
potassium content could be attributed to the use of different analytical methods [82] and other 
conditions. Phosphorus content was lower than the average of 7.53 mg g−1 for Andean lupin that has 
been previously reported by Carvajal-Larenas et al. [82] and the 5.65 mg g−1 on average value obtained 
by Adomas et al. [21]. A diminished amount of seed phosphorus was expected in this present study, 
as in calcareous and alkaline soils phosphorus solubility is hampered [83]. Overall, statistically 
significant differences were recorded among accessions potassium and phosphorus content, 
regardless of their growth habit, as LIB220, LIB221 and LIB222 presented a more determinate growth 
habit while LIB209, LIB214 and LIB223 presented a long life-cycle indeterminate growth habit. 
Pszczółkowska et al. [31] also recorded no differences in potassium and phosphorus seed content 
between a determinate and an indeterminate Andean lupin morphotype. 

5. Conclusions 

A statistically significant effect of planting date was observed on most of the traits studied 
because high temperatures, which occurred in late spring during the first experimental year, 
inhibited pod and seed production and shortened the plants biological life cycle. All the accessions 
performed better when planting was in November but not later, while earlier planting in the second 
experimental year, in October, did not result in statistically significantly higher seed production. A 
planting application from October to November is, therefore, suggested for lupin cultivation in the 
area. Defining the requirements of L. mutabilis accessions regarding temperature could also be helpful 
in enhancing seed yield and escaping terminal drought and high temperatures. In planting 
treatments that took place in the middle to the end of autumn, the prolonged life cycle of 
indeterminate accessions, named LIB209, LIB214 and LIB223, performed better than the rest of the L. 
mutabilis accessions tested. LIB209, LIB214 and LIB223 accessions could be further studied as 
promising breeding material for cultivation under the edaphoclimatic conditions tested. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/10/12/2020/s1, Table 
S1. Plant morphological traits of L. mutabilis accessions, under an early or a late planting date treatment, for each 
one of the two consecutive experimental years (2017–2018) and (2018-2019), Table S2. Pod traits of L. mutabilis 
accessions, under an early or a late planting date treatment, for each one of the two consecutive experimental 
years (2017–2018) and (2018–2019), Table S3. Nutrient concentration of L. mutabilis seeds, under an early or a late 
planting date treatment, of each one of the two consecutive experimental years (2017–2018) and (2018–2019), 
Table S4. Spearman’s rank correlation coefficients among traits studied during the first experimental year (2017–
2018), Table S5. Spearman’s rank correlation coefficients among traits studied during the second experimental 
year (2018–2019). 
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