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Abstract

:

Spring frost poses a challenge for all major crops and, in the case of Lupinus mutabilis (Andean lupin) can cause severe damage or even total loss of the crop. Within the LIBBIO project consortium, we conducted a series of experiments in order to develop a suitable protocol for screening lupin germplasm under frost-simulation conditions. Four lupin accessions, one Lupinus albus and three Andean lupins were used in the experiments (L. albus Mihai, L. mutabilis LIB 220, LIB 221, LIB 222). Seedlings at four developmental stages were challenged with five different levels of ‘frost’ stress from low (−2 °C) to high (−10 °C). Notably, young seedling (cotyledons just breaking through the soil surface) showed little evidence of frost damage for temperatures down to −6 °C. At −8 °C, however, damage was evident, suggesting a cold tolerance threshold occurs at this temperature. Interestingly, for later developmental stages, when the first and second leaves were visible, notable differences were observed starting at −6 °C. The results indicate that the plant growth stage is an important parameter when screening for frost tolerance in germplasm. Overall, by identifying Andean lupin genotypes adapted to high abiotic stress factors, farmers will be able to use it as a reference crop with potentially a commercial interest from the food sector, or cosmetics, and biofuel industries.
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1. Introduction


In recent years, the agricultural sector has faced a series of major challenges like the need for safe and clean food products, environmentally sustainable production and constant changes in consumer preferences. World population continues to grow and will reach a predicted 9 billion by 2050. At the same time, many scientists believe that it will be a challenge to feed such an expanding population, and new higher yielding, more resistant crops will be required. Additionally, a more equitable distribution of the existing food products could represent a pertinent solution to many food shortage problems we are facing today. Extensive agriculture practices may contribute to the loss of biodiversity and a disproportionate use of land and fresh water resources. Increased demand for protein-rich diets, especially of animal origin, contributed to the decline in soil fertility and is considered to be a major factor that is enhancing climate change in many regions. A solution for this could be to increase the cultivation of protein-rich crops and the use of plant proteins in human diets. Lupinus mutabilis is a species that produces high protein content seeds and might represent a strong alternative to already well-established protein species cultivated in the entire world [1].



Through its policies the European Union stimulated growers to increase the area for cultivating protein crops and to make significant changes in the management practices, towards a more sustainable agricultural system. Among protein-rich plant sources, leguminous plants are known for their beneficial effects, greater adaptation to poor soils, and the ability to fix atmospheric nitrogen [2]. Among legumes, the genus Lupinus includes more than 300 species and is described as a high-quality protein crop, with tolerance to soils with poor soil fertility [3]. Lupinus mutabilis (Andean lupin) is a crop species indigenous to the Andes in South America but evidence of its cultivation in other regions of South America was found. Lucas et al. [4] described L. mutabilis as a very promising alternative crop with increased dietary benefits compared to soya bean, a high grain quality, and improved adaptation to poor soils, high altitudes, and low input farming systems. Its suitability for cultivation in temperate climates, and high protein and oil grain content are among the characteristics that make Andean lupin a promising alternative to current protein crops [5].



Adaptation of L. mutabilis to the temperate environment is a major breeding challenge due to the major environmental differences between various cultivation areas in Europe. Andean lupin, when cultivated in temperate climate conditions shows long maturation periods, flower and pod abortion, and non-shattering pods [6]. A very low resistance to frost limits the potential cultivation areas of Andean lupin in Europe to Mediterranean climates and the spring season in northern countries [5]. Moreover, dry conditions during flowering might stimulate Andean lupin to early maturation and cause considerable biomass and seed yield losses [7]. Studies on vernalization effects on flowering time reported that cold treatments at 6 °C to a few weeks can reduce the overall time gap between early and late flowering genotypes to few weeks [8]. Adaptation to various environmental conditions is known to be influenced by the capacity of genotypes to respond to photoperiods. Jacobsen and Mujica [9] consider L. mutabilis to be sensitive to day length, such that under short days, the crop accumulates compounds in the grain more efficiently. This suggests that selection of germplasm with sensitivity to day length should be based on geographical parameters and the climate of an arable area. Future breeding efforts should be focused on the identification of genotypes with early maturation periods and high tolerance to frost and drought, while conserving the high protein and oil content in seeds and increased yields.



A limited number of studies are published on Andean lupin performance in European countries and especially on how frost tolerance impacts the different plant development phases. This study describes a new protocol for frost-simulated tolerance tests of L. mutabilis accessions. To determine frost tolerance levels that occur in Andean lupin, a series of climate chamber experiments were performed. Four important plant development phases were tested in frost-simulation conditions using temperatures ranging from +5 °C to −10 °C. Contrasting genotypes were analyzed and the effects of frost on the vigor of the phenotypes were observed.




2. Materials and Methods


2.1. Plant Material


Four accessions of Lupinus were used—one L. albus (cultivar Mihai) and three L. mutabilis (LIB 220, LIB 221 and LIB 222). The commercial L. albus cv. Mihai was previously characterized as a moderate frost tolerant accession. LIB 220, LIB 221, and LIB 222 were described to exhibit indeterminate growth habits and low frost tolerance. Seed germination was conducted on filter paper after disinfection for a few minutes with a 20% hypochlorite solution and incubation at room temperature (approximately 24 °C). Measurements of the seedling survival rate were recorded and used in further analysis. Germinated seeds were transplanted into the greenhouse using a substrate of peat:perlite (2:1) for 48 h and then transferred to the climate chamber.




2.2. Experimental Design of Artificial-Frost Tolerance Investigations


Deep planter boxes were filled to 2/3 capacity with commercial compost at room temperature and watered to 70% water holding capacity (WHC). WHC was determined by initially weighing a volume of dry soil, adding water to full capacity, draining off excess water and re-measuring the soil. Formula (1) was used to calculate the volume necessary for 70% WHC:


  WHC   ( % )   =      SW  100     −    SW 0   W  × 100  



(1)






SW100—soil weight at 100% WHC










SW0—dry soil weight (0% WHC)










W—water added to reach 100% WHC











For each accession, a total number of 300 seeds were sown. Seeds were planted in potting soil, at a planting distance of 5 cm from each other and covered with 4 cm, with potting soil in 30 containers. They were germinated at 15 °C and a light regime of 16 h light/8 h dark for the first 48 h. The plants were transferred afterwards to 5 °C for 24 h for hardening. After hardening, 6 containers with 10 plants/accession each were exposed to each simulated frost level for 8 h, according to the test temperature selected. This generated 6 technical and 10 biological repetitions for each genotype. The seedlings were exposed to five levels of simulated frost conditions: −2 °C, −4 °C, −6 °C −8 °C, or −10 °C (Table 1). Afterwards, the seedlings were transferred to 15 °C for 72 h to recover. Plants were scored for frost tolerance using a 0–1 scale, where 0 denotes healthy plants and 1 corresponds to severe damage or dead plants. This binary scoring scale results were used for further analysis.



Plants were scored at four developmental stages (Figure 1 and Table 1). The developmental phases were—phase 1 when cotyledons were breaking through the soil surface; phase 2 with the cotyledons fully above the soil, phase 3 when first leaves were visible but still folded; and phase 4 when the first and second leaves had unfolded (Figure 1).




2.3. Statistical Analysis


Statistical analysis was performed simultaneously for the two consecutive experimental lots—lot one contained seeds investigated during phases 1 and 2, and the second lot contained plants investigated during phases 3 and 4. As a result, this analysis allowed for better interpretation of the results. Recorded data were subjected to a normality test and homoscedasticity of each of the two experimental lots was checked. Analysis of variance (ANOVA) was applied for the temperature and developmental phases studied for each experimental lot, followed by Tukey’s (honestly significant difference, HSD) (p < 0.05) means comparison method, using RStudio and the statistical package tools “aov” and “TukeyHSD” [10]. Figures and column charts were obtained using R studio, “boxplots”, or Microsoft Office Excel/PowerPoint.





3. Results and Discussion


Most Andean lupin accessions, due to their adaptation to South American agricultural regions, are expected to inherit a low tolerance to spring frost. To date, no protocol is available for the large-scale screening of lupin germplasm under frost conditions. Within the LIBBIO project consortium, we conducted a series of investigations in order to develop a suitable protocol for screening lupin germplasm under artificial frost-simulation conditions. Four lupin accessions, one L. albus and three L. mutabilis (Andean lupin) were used in the tests (L. albus Mihai, LIB 220, LIB 221, and LIB 222). Various seedling development stages were investigated under five temperatures, from −2 °C to −10 °C, indicative of low and high frost stress conditions (Figure 2).



3.1. Artificial-Frost Tolerance Assessment of Andean lupin Genotypes


Generally, L. mutabilis seedling tolerance decreased with a decline in temperature. For phase 1 and phase 2, no differences were observed for temperatures down to −6 °C (Figure 3). However, plants started to be affected from −8 °C, suggesting that a specific cold tolerance threshold lies between −6 and −8 °C for phase 1 and 2 seedlings.



Interestingly, for seedlings at phases 3 and 4, differences in stress damage were already evident at −6 °C (Figure 3). Frost of −8 °C resulted in differences in seedling damage relative to the other temperatures, while −10 °C resulted in the highest overall seedling damage (Table S1).




3.2. Plant Developmental Phases Influence Frost Tolerance of Andean lupin


For phase 1 and 2 L. albus cv. Mihai and LIB221 were most tolerant. Notably, in phase 3 and 4, apart from L. albus cv. Mihai, LIB222 outperformed the other genotypes (Figure 4). This indicates that the tolerance threshold has a genetic component. Interestingly LIB222 is a genotype that is characterized by a higher level of anthocyanin in the tissue, mainly visible as a purple colored stem and darker flower color. Since anthocyanin is induced in some crop species when exposed to the cold [11], this might provide a clue to LIB222 frost tolerance compared to the other Andean lupin accessions.



Andean lupin seedlings are known to show some frost tolerance during previous experiments, and generally, for all four developmental phases, the lower the temperature the greater the frost damage. In the initial tests no differences were observed for temperatures down to −6 °C, for seedlings at cotyledon Phase 1. However, frost treatments started to affect the emerged plants at −8 °C, suggesting that this could be the Andean lupin frost tolerance level for early developmental phases. Interestingly, for later development stages, as first and second leaves were visible, notable differences were observed starting with −6 °C. Frost treatments at −8 °C resulted in differences in seedling damage, relative to the other temperatures, while at −10 °C the highest overall seedling damage was observed. Differences between genotypes were observed, especially higher frost tolerance for L. albus (Mihai) and LIB 222 (Figure 5).



The results indicate that the plant growth stage is an important parameter when screening for frost tolerance in germplasm. Plants are generally more susceptible to frost at the cotyledon stage. We used seedlings at development stages and exposed them to severe cold stress in order to identify the minimal resistance threshold that Andean lupin has in response to different freezing temperatures. Overall, identifying Andean lupin genotypes adapted to high abiotic stress factors might allow the cultivation of lupin over a greater geographic range by farmers.




3.3. Investigation of Significance among Development Phases, Temperatures, and Accessions


Significant differences were observed between all investigated parameters such as the four plant developmental phases, the stress tolerance test temperatures that varied from low (−2 °C) to high (−10 °C), and most importantly between the four investigated accessions (Table 2). Pairwise comparisons of all investigated parameters showed a large number of strongly significant difference, especially among very high stress temperatures and control samples (Tables S1 and S2).



According to pairwise comparisons among the developmental stages, phase 4 is statistically different from phase 1 and phase 2. No statistical differences were found among test temperatures +5 °C, −2 °C, −4 °C, while for all other pairwise comparisons strong differences were observed. Regarding the accessions, there were statistical differences among L. albus cv Mihai, LIB 220 and LIB 221, while LIB 220 and LIB 221 did not present any statistically significant differences (Table S2).



Frost tolerance of various lupin accessions was evaluated under low (−2 °C) to very high (−10 °C) temperature stress and showed overall differences with regard to plant development phase and genotype. Despite the fact that limited reports on lupin frost tolerance exists in the literature, it is known that vernalization is necessary for accessions with late flowering genotype growth [8]. Andean lupin plants showed variation in height of the main stem, number of main stem leaves, and seed yield, under the influence of temperature in European environmental conditions [12]. A short cold treatment in later developmental stages stimulates the initiation of meristems, the start of the flowering and biomass accumulation [8]. Identification of genotypes that are able to withstand early spring frost specifically for Northern European countries and which have increased drought tolerance might encourage the widespread cultivation of lupin in the EU [5]. Moreover, severe heat stress during late spring and summer might inhibit pod and seed production on higher branches [13], thus limiting more than 95% of L. mutabilis seed production on the main inflorescence [14].



Andean lupin accessions with long life cycles and indeterminate growth are very susceptible to adverse climatic conditions that might cause reduced pod production and low seed yields [12] and restrict biomass accumulation due to drought [7]. However, in Greece, indeterminate growth accessions produced higher yields, around 1.5 t/ha [13]. Some L. mutabilis accessions evaluated in Ecuador reached their production potential in good climatic conditions, but under severe abiotic and biotic stresses, lupin might yield very low seed quantities, as low as 130 kg/ha [15]. Moreover, soils with high pH values that are rich in calcium carbonate are known to generate low yields for Andean lupin accessions [16,17]. Yields might also be positively influenced by a denser seed sowing for semi-determinate growing genotypes, as described by Pszczółkowska et al. [18]. Accessions investigated in this study are from the indeterminate group with a long-life cycle, namely LIB221 and LIB222, while LIB220 and L. albus cv. Mihai belong to the semi-determinate growth group. Breeding of lupin cultivars with high yields is dependent on the identification of accessions with an appropriate time interval needed from sowing to flowering and maturity [19].



Artificially induced frost stress significantly affected the tolerance levels of the selected accessions, especially under high stress levels, regardless of plant developmental phase. Temperature was the main factor that affected the tolerance of accessions, whereas some statistical differences were recorded for the developmental phases. Similarly, previous evaluations of lupin genotypes, done in the mid-1930s, in Germany, showed that low temperatures affected L. albus, L. mutabilis, L. angustifolius, and L. luteus in a distinctive manner [20]. Therefore, accessions and temperature responses should be assessed, in more detail, for each plant developmental stage. Further investigations are needed to identify Andean lupin accessions with high frost tolerance and improved yield capacity.





4. Conclusions


In most European countries, spring frost represents an important impediment for the agricultural sector, causing severe or total yield loses. Lupinus mutabilis (Andean lupin) seedlings are susceptible to this stress and the identification of genotypes with increased frost tolerance might be a viable solution for the widespread cultivation of this crop in the EU. A new protocol was developed for the investigation of the effect of frost stress by artificial frost-simulation conditions of several Andean lupin accessions. Four seedling developmental phases were investigated under five test temperatures, from low (−2 °C) to high (−10 °C) frost stress. The four accessions used in the experiments, one L. albus and three Andean lupin (L. albus Mihai, L. mutabilis LIB 220, LIB 221, and LIB 222), showed high susceptibility especially for temperatures below −6 °C during Phase 1. Severe frost temperatures, below −8 °C, affected all seedlings. This suggests that a specific cold tolerance threshold could be around −6 °C, for later development stages. The results indicated that plant growth stage is an important criterion for screening frost tolerant germplasm. Future breeding efforts should be focused on the identification of Andean lupin genotypes with higher stress tolerance and stable yields. This endeavor would stimulate European farmers to cultivate Andean lupin as an alternative to other protein-crops and might also impact positively downstream industries like food, cosmetics, or bioenergy.
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Figure 1. General plant phases used during the artificial simulated frost tolerance tests on the L. albus commercial cultivar Mihai and L. mutabilis accessions LIB 220, LIB 221, and LIB 222. 
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Figure 2. Seedlings test under artificial-controlled conditions from low (−2 °C) to high (−10 °C) frost stress of four lupin accessions, L. albus cv. Mihai, L. mutabilis LIB 220, LIB 221 and LIB 222. Each container had 10 seedlings/accession, in total 40 seedling. Scoring was done at the developmental phase 4. 
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Figure 3. Assessment of four accessions, L. albus cv. Mihai and L. mutabilis LIB 220, LIB 221, and LIB 222 plant survival rate, in percentage, in response to artificial-frost test temperatures ranging from low (−2 °C) to high (−10 °C) frost stress and with control samples at (+5 °C). Each dot represents the mean survival rate (%) of the 10 biological replicates, from one of the six containers, per genotype x temperature comparison, across all developmental phases. 
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Figure 4. Evaluation of plant developmental phases with regard to accession and impact frost stress on seedlings. Phase 1—cotyledons at breaking soil surface phase (cotyledon); Phase 2—cotyledons fully above the soil; Phase 3—first leaves visible and erect but folded; and Phase 4—first and second leaves have unfolded. Each dot represents the mean survival rate (%) of the 10 biological replicates, from one of the six containers, per genotype x developmental phases comparison across all test temperatures. 






Figure 4. Evaluation of plant developmental phases with regard to accession and impact frost stress on seedlings. Phase 1—cotyledons at breaking soil surface phase (cotyledon); Phase 2—cotyledons fully above the soil; Phase 3—first leaves visible and erect but folded; and Phase 4—first and second leaves have unfolded. Each dot represents the mean survival rate (%) of the 10 biological replicates, from one of the six containers, per genotype x developmental phases comparison across all test temperatures.



[image: Agriculture 11 00155 g004]







[image: Agriculture 11 00155 g005 550] 





Figure 5. Assessment of Andean lupin accessions under the influence of artificial-frost test temperatures ranging from low (−2 °C) to high (−10 °C) frost stress and with control samples at (+5 °C) and plant developmental phases, from Phase 1 to Phase 4. Each genotype is color coded: L. albus cv. Mihai (red), LIB 220 (orchid), LIB 221 (olive-green), and LIB 222 (purple). 
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Table 1. Plant developmental phases and testing temperatures for frost tolerance under artificial conditions in the greenhouse. Germination of seedlings was performed at 15 °C.
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	Plant Developmental Phase
	Test Temperature (Day/Night)





	Phase 1—Cotyledons at breaking soil surface
	−2 °C



	
	−4 °C



	
	−6 °C



	
	−8 °C



	
	−10 °C



	
	5 °C control



	Phase 2—Cotyledons fully above the soil
	−2 °C



	
	−4 °C



	
	−6 °C



	
	−8 °C



	
	−10 °C



	
	5 °C control



	Phase 3—First leaves visible and erect but folded
	−2 °C



	
	−4 °C



	
	−6 °C



	
	−8 °C



	
	−10 °C



	
	5 °C control



	Phase 4—First and second leaves have unfolded
	−2 °C



	
	−4 °C



	
	−6 °C



	
	−8 °C



	
	−10 °C



	
	5 °C control
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Table 2. Multi-factor analysis of variance of four lupin accession, one L. albus and three L. mutabilis, under the influence of developmental phase, temperature, and their interaction.
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	Df
	Sum Sq
	Mean Sq
	F Value
	p-Value (>F)
	Significance





	Phase
	3
	7024
	2341
	7229
	<0.0001
	***



	Temperature
	4
	239224
	59806
	184,647
	<0.0001
	***



	Genotype
	3
	14607
	4869
	15,033
	<0.0001
	***



	Phase × Temperature
	12
	35840
	2987
	9221
	<0.0001
	***



	Phase × Genotype
	9
	8418
	935
	2888
	0.00256
	**



	Temperature × Genotype
	12
	18455
	1538
	4748
	<0.0001
	***



	Phase x Temperature × Genotype
	36
	18356
	510
	1574
	<0.0001
	*



	Residuals
	400
	129557
	324
	
	
	







n.s.: non-significant, *: significant at the 0.05 level, **: significant at the 0.01 level, ***: significant at the 0.001 level. Statistically significantly different at p < 0.05 by Tukey’s (honestly significant difference, HSD).
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