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Abstract

:

Peas (Pisum sativum L.) belong among the world’s oldest domesticated crops, serving as a source of proteins, complex carbohydrates, vitamins and minerals. Autumn sowing allows a higher biomass production as well as the avoidance of the drought and heat stresses of late spring. However, the character of European continental winters limits plant growth and development through cold stress. This work sought parameters that reflect the cold tolerance of pea plants and consequently to suggest an afila-type pea cultivar with resilience to European continental winters. For this purpose, we employed indoor remote sensing technology and compared the 22-day-long acclimation to 5 °C of four pea cultivars: Arkta, with normal leaves and the known highest cold resistance to European continental winters, and Enduro, Terno and CDC Le Roy, all of the afila type. Besides evaluation of shoot growth rate and quenching analysis of chlorophyll fluorescence (ChlF) by imaging methods, we measured the chlorophyll content and ChlF induction with a nonimaging fluorometer. Here we show that the acclimation to cold of the Arkta exhibits a different pattern than the other cultivars. Arkta showed the fastest retardation of photosynthesis and shoot growth, which might be part of its winter survival strategy. Terno, on the other hand, showed sustained photosynthetic performance and growth, which might be an advantageous strategy for spring. Surprisingly, Enduro showed sustained photosynthesis in the stipules, which transferred and acclimated to 5 °C (cold-acclimated). However, of all the cultivars, Enduro had the strongest inhibition of photosynthesis in new stipules that developed after the transition to cold (cold-developed). We conclude that the parameters of ChlF spatial imaging calculated as averages from whole plants are suboptimal for the characterization of various cold acclimation strategies. The most marked changes were obtained when the new cold-developed leaves were analyzed separately from the rest of the plant.
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1. Introduction


Peas (Pisum sativum L.), as one of the oldest domesticated crops in the world [1,2], have long been recognized as an inexpensive, readily available source of protein, complex carbohydrates, vitamins and minerals [3]. In an effort to improve grain yield, seed protein content, disease resistance, or the tolerance to various stresses, pea plants have been bred into different types. In 1965, Goldenberg discovered the afila type, whose leaves were transformed into tendrils that tend to twine together and so the plants offer mutual support to each other [4]. The leaves transformed into tendrils thus brought benefits in the form of a pea canopy with increased lodging resistance.



A further important trait is represented by the adaptability of plants to different climates. Various species of overwintering plants have developed adaptive responses to the seasonal changes in the weather [5,6,7,8]. They sense the upcoming cold period through the perception of environmental signals. The process of sensing an upcoming period with low temperatures leading to changes at the level of gene expression, cellular water management, plant metabolism and physiology is known as cold acclimation. Cold acclimation occurs in species from temperate regions where relatively low but nonfreezing temperatures precede a period of freezing [9]. In regions with winter temperatures falling considerably below the freezing point, spring peas form the base element of agriculture. However, the advantages of autumn sowing, such as higher biomass production and the avoidance of the drought and heat stresses of late spring [10], led to the first crucial steps in pea research [11,12,13,14]. Unfortunately, during the breeding process, most of the current pea cultivars lost their responsiveness to decreasing temperatures and the shorter length of the days, thus losing the ability to survive the cold season. The only cultivars known to be suitable for autumn sowing in the regions of the European central zone have normal leaves [15]. A cultivar that would connect the advantage of the increased lodging resistance of the afila type with the ability to survive autumn sowing could thus become a boon for farmers.



Nowadays, the advantages of automated phenotyping are often used for studies of plant stresses. Although the automated phenotyping and remote sensing methods were predominantly used for the detection of drought and salt stresses (reviewed in [16]), the number of studies dealing with cold stress is growing. The red-green-blue (RGB) camera still remains the main sensor in plant phenotyping; the detection of visible markers of stress seems a logical solution. The determination of leaf necrosis and inhibition of plant growth were assessed by an RGB sensor in a study of maize’s tolerance to cold [17]. However, such a method is not very suitable for more cold-tolerant species in which RGB traits, especially necrosis, will develop only as a late response to severe stress. For this reason, more sensitive noninvasive sensors, such as hyperspectral camera or chlorophyll fluorescence (ChlF) imaging, were used to detect cold tolerance in a physiological level. Although cold tolerance studies are mostly performed in controlled conditions, there are also examples of field studies using remote sensing phenotyping methods. Chiluwal et al. [18] used hyperspectral aerial imaging to detect sensitivity to cold in field-grown sorghum plants. They observed important differences in the normalized difference red-edge index (NDRE) and normalized difference vegetation index (NDVI). Even earlier than in hyperspectral traits, cold stress affects ChlF induction, which mainly reflects the function of photosystem II (PSII; for a review, see e.g., [19]). ChlF parameters determined for light-adapted states (under prolonged illumination) of a sample, as well as for dark-adapted states, were used to study cold stress or acclimation. For example, Moura et al. [20] studied 42 rice genotypes grown under optimal temperature conditions and selected five potentially tolerant genotypes based on PSII efficiency in a light-adapted state. In faba beans, Zhou et al. [21] used the measurement of PSII efficiency in a dark-adapted state (FV/FM parameter) via a nonimaging method to select cold- and heat-tolerant genotypes. To describe the overall response of the photosynthetic apparatus to various environmental stimuli, specific indices of ChlF were developed. What is termed the performance index (PIABS, on an absorption basis) and the total performance index (PIABS,total, on an absorption basis) are also often used for the description of plant stress (reviewed in [22]). The indices are derived from the fast measurement of the rise in ChlF (the O-J-I-P transient) with dark-adapted samples and they reflect the function of electron transport in PSII and the plastoquinone pool (PIABS) and in the whole thylakoid membrane (PIABS,total). The indices were also used for the exploration of the effect of low temperatures on several plant species (e.g. [23,24]). It can be inferred from the above that more information can be obtained by the evaluation of ChlF parameters determined for both the dark- and light-adapted states.



In an attempt to find parameters that reflect the cold resistance of pea plants and suggest the afila-type pea cultivar most suitable for resilience during winters in the European central zone, we studied four different pea cultivars. Two different afila-type cultivars that have been declared to be cold-resistant: a spring cultivar, CDC Le Roy, that has been bred to survive the relatively cold Canadian springs [25], and a winter cultivar, Enduro, bred to survive the mild winters of the south of France [26]. A spring cultivar of the afila type, Terno, without any declared cold resistance [15,27], and a winter cultivar with normal leaves, Arkta, which, according to trials organized by the Czech state authority [28], has the highest cold resistance to the winters of the European central zone. Arkta were used as controls. To shed light on the physiological mechanisms of their cold acclimation, the ChlF and RGB imaging tools of automated phenotyping and the nonimaging estimation of chlorophyll content and fast measurement of ChlF were employed.




2. Materials and Methods


2.1. Plant Materials


Four different pea (Pisum sativum L.) cultivars (Table 1) were used. Seeds were obtained from the Czech collection of pea genetic resources held by Agritec Ltd. (Šumperk, Czech Republic; AGT) and the Crop Development Centre, University of Saskatchewan (Saskatoon, Canada; CDC). The collection is run according to the framework methodology for the National Programme for Plant Genetic Resources of the Czech Republic [29]. Passport and description data are available in the Germplasm Resource Information Network (GRIN) database [30].



2.1.1. Plant Cultivation


The plants were cultivated in 190-ml containers (65 × 65 × 95 mm, Plant-It-Rite, Australia) filled with 100 g of soil (Substrate 2, Klasmann-Deilmann GmbH, Germany) and watered to full water capacity. The seeds were germinated in mini greenhouses (50 × 32 × 6 cm with a clear plastic lid) in FS-WI walk-in phytochambers (Photon Systems Instruments, Brno, Czech Republic) with white LED lighting (150 μmol photons of PAR m−2 s−1). The conditions were set up to 16h day/8h night with temperatures of 21 °C during the light period and 16 °C in the night. The relative humidity was set to 60%. After the development of the second leaves/stipules, the temperature was reduced to 5 °C for 22 days; the other parameters of the phytochamber remained unchanged. The second leaves/stipules were thus developed at 21 °C and then underwent the process of cold acclimation; therefore they are labeled as cold-acclimated. The third leaves/stipules developed under the cold treatment and are labeled as cold-developed.



The plants were watered regularly with the same amount of water. Fifteen seedlings from each cultivar were used for the automated phenotyping (RGB and ChlF imaging), and another fifteen plants were used for measurements of chlorophyll content and ChlF induction by a conventional (nonimaging) fluorometer.





2.2. Phenotyping Measurement/Evaluation


For measurements in the PlantScreenTM phenotyping platform (Photon Systems Instruments, Brno, Czech Republic) (described in [31]) the pots with the seedlings were placed in standardized trays, two pots per tray, and automatically loaded and measured by the platform. The conditions for measurement were set up to the same values as during the cultivation for the initial measurements (at 21 °C) and then, after the decrease of the cultivation temperature to 5 °C, were set to the closest possible temperature allowed by the phenotyping hardware (10 °C). The relative humidity and light conditions were the same as during cultivation for all measurements. The movement of the trays was performed by a robotic-driven conveyor belt that routinely transferred the experimental plants between the growing and measuring areas according to a user-defined protocol. A single measuring round of eight trays consisted of 20 minutes of adaptation to the dark, followed by the measurement of ChlF and digital RGB imaging from three optical projections. Approximately 16 plants per hour were analyzed, because of the length of the measuring round, which is dependent on the length of the adaptation to the dark and ChlF measurement. In the case of the RGB imaging, the platform throughput increases to about 60 experimental trays (120 plants) per hour. The data from the ChlF and RGB imaging were stored in a database server and analyzed either by the software provided by the manufacturer or by the software developed by the authors of this study, as described in detail in [31].



2.2.1. Chlorophyll Fluorescence Quenching Analysis


The minimal ChlF F0 was determined using measuring flashes (duration of 10 μs) of red light (650 nm). The maximal ChlF FM was estimated during a following saturating pulse (white light, 1900 µmol of photons m−2 s−1, duration of 800 ms). After subsequent 17-s-long dark relaxation, the plants were exposed to red actinic light (650 nm, 150 µmol photons of PAR m−2 s−1) for 70 s. A visual check that a steady-state ChlF signal was reached at 70 s of illumination was performed. To determine the maximal ChlF during the actinic light exposition (FM′), a set of saturating pulses was applied. The first pulse was applied 8 s after the actinic light was switched on and was followed by two pulses at 10-s intervals and then by two pulses in 20-s intervals.



The maximal quantum yield of PSII photochemistry in the light-adapted state was calculated as:


(FM′ − F0′)/FM′ = FV′/FM′,



(1)




where F0′ is the minimal ChlF for the light-adapted state and was calculated as:


F0′ = F0/(FV/FM + F0/FM′).



(2)







The quantum yield of light-induced regulatory nonphotochemical quenching (ΦNPQ) was calculated as:


ΦNPQ = (Ft/FM′) − (Ft/FM);



(3)




and the fraction of closed reaction centers of PSII ((1 − qP), also called the excitation pressure) as:


(1 − qP) = 1 − (FM′ − Ft)/(FM′ − F0′),



(4)




where Ft stands for the actual ChlF before the respective saturating pulse and qP is the coefficient of photochemical quenching, which is used for the estimation of the fraction of the open reaction centers of PSII. The effective quantum yield of PSII photochemistry in the light-adapted state (ΦP) was calculated as:


ΦP = qP FV′/FM′ = (FM′ − Ft)/FM′.



(5)







All the parameters that are presented were calculated from values obtained at the end of the actinic light exposition. For a review of the parameters see, e.g., [32].




2.2.2. RGB Image Analysis


The procedure used for the calculation of digital biomass was described in detail in our previous study [31]. Briefly, RGB images from three projections were acquired automatically by the phenotyping platform. Afterwards, the RGB images were transformed to the HSV color space; the H channel was used for determining the green mask. For the optimum threshold the Otsu method [33] was applied. This was followed by the Canny automatic edge detection algorithm [34] in order also to recognize the tiny offshoots of the pea plants precisely. Afterwards, the values of the green area (GA) obtained from particular images were used for the calculation of the digital biomass according to the following equation:


  G A =   (    A x  2  +   A y  2  +   A z  2   )   ,  



(6)




where Ax, Ay and Az are the respective projections [31]. The relative growth rate (RGR) was calculated according to [35] as follows:


  R G R =  (    l n  W 2   ¯  −   l n  W 1   ¯   )  /  (   t 2  −  t 1   )  ,  



(7)




where     l n  W 1   ¯    and     l n  W 2   ¯    are the means of the natural logarithms of the plant’s green areas at the times t1 and t2 at which the green areas were measured. The masking of the images of ChlF was performed in the FluorCam software. The overall plant mask was found by simple thresholding based on the signal strength in “measuring mode”.





2.3. Chlorophyll Content and Chlorophyll Fluorescence Induction by Conventional Devices


The chlorophyll content and ChlF induction curves (O-J-I-P transients) were measured on the adaxial side of the leaves/stipules after 25 min of dark adaptation using hand-operated conventional (nonimaging) devices. The chlorophyll content was measured using an SPAD-502 chlorophyll meter (Minolta Sensing Konica, Osaka, Japan) and the O-J-I-P transients by a FluorPen FP 100 fluorometer (Photon Systems Instruments, Brno, Czech Republic). Measurements were performed on the second (cold-acclimating) and on the third (cold-developed) leaves/stipules. The duration of the excitation blue light (455 nm, 1000 µmol photons of PAR m−2 s−1) was 1 s. The maximum quantum yield of the primary PSII photochemistry (FV/FM) was calculated as:


FV/FM = (FV − F0)/FM;



(8)




and the initial slope of the O-J ChlF rise (dV/dt)0 was evaluated as:


(dV/dt)0 = (F300µs − F0)/(0.28 (FM − F0)),



(9)




where F300µs is the ChlF intensity at the indicated time, F0 is a minimal ChlF and FM is ChlF at the P step. The (dV/dt)0 parameter, defined as the maximal rate of the accumulation of the fraction of closed reaction centers of PSII (RCII) [36], reflects the rate of excitation supply into the RCII, i.e., the apparent PSII antenna size, and consequently the rate of QA reduction.



The performance index on the absorption basis (PIABS) and the total performance index on the absorption basis (PIABS,total) were calculated as:


PIABS = (RC/ABS) ((FV/FM)/(1 − (FV/FM))) (ψE0/(1 − ψE0)),



(10)






PIABS,total = PIABS (δR0/(1 − δR0)),



(11)




where RC/ABS is the ratio of the total number of active PSII reaction centers (RC) per absorption flux (ABS), ψE0 is the efficiency with which a PSII trapped electron is transferred from QA− to the plastoquinone and δR0 is the efficiency with which an electron from the reduced plastoquinone is transferred to the final PSI acceptors. The particular parameters were calculated as:


RC/ABS = (FV/FM)/((dV/dt)0)/VJ),



(12)






ψE0 = 1 − VJ,



(13)






δR0 = (FM − FI)/(FM − FJ),



(14)




where VJ is the relative variable ChlF at the J-step of the O-J-I-P transient defined as:


VJ = (FJ − F0)/FV.



(15)




where FJ (FI) is the ChlF signal at the J-step (I-step). For a review of the PIs see, e.g., [22].




2.4. Statistical Analysis


The data sets were first tested for normality (Kolmogorov–Smirnov test with Lilliefors’ correction) and equality of variances (Levene Median test). For parametric data, the ANOVA test (with all pairwise multiple comparison by the Holm–Sidak post-hoc test) was used and for nonparametric data, the Kruskal–Wallis ANOVA on Ranks test (with all pairwise multiple comparison by the Tukey test) was used. The critical probability level of 0.05 was chosen for all tests (P < 0.05 are indicated solely by different letters). The testing was performed using SigmaPlot version 11 (Systat Software, USA).





3. Results


3.1. Growth and Chlorophyll Content


Images of pea plants of all four cultivars that were tested were taken from three orthogonal directions during the cold treatment, and the changes in the green area (GA; calculated according to Equation (6)) and relative growth rate (RGR; calculated according to Equation (7)) are presented in Figure 1. The only cultivar with leaves—Arkta (ARK)—had the highest GA when grown at 21 °C (Figure 1 and Figure S1). Although this cultivar is, of all the cultivars that were tested, supposed to overcome the most severe winters, its growth rate (RGR) decreased to the lowest values after the shift to 5 °C. The cultivar Terno (TER), with the lowest cold resistance, on the other hand, showed the most marked increase in GA and, significantly, the highest RGR after the drop in the temperature from 21 °C to 5 °C (Figure 1). The two cold-resistant cultivars of the afila type—Enduro (END) and CDC Le Roy (CDC)—exhibited a lower GA in comparison to ARK and TER but their RGR during the cold treatment was similar to, or higher than, the growth of ARK.



Interesting changes were also observed in the chlorophyll content (Figure 2). When grown at 21 °C, the second leaves (Day 0) of ARK had the significantly lowest chlorophyll content of all the cultivars that were tested (Figure S1). The cultivars of the afila type (TER, END and CDC) thus probably needed to counterbalance the loss of photosynthetically active area caused by the transformation of their leaves into tendrils. In this way, the tendrils brought the advantage of increased lodging resistance and the loss of photosynthetically active area was compensated for by the increased chlorophyll content. This difference was even more marked when the air temperature dropped to 5 °C for 22 days. All the second stipules of the cultivars of the afila type that were transferred to 5 °C (cold-acclimated) markedly increased their chlorophyll content. The acclimation of the stipules to cold thus led to an increase in the chlorophyll content. However, the third stipules, which emerged and developed at the lower temperature (cold-developed), had a lower chlorophyll content than the cold-acclimated second stipules. In the case of END and CDC, the cold-developed third stipules had an even lower chlorophyll content than the second stipules (developed at 21 °C) on Day 0. On the other hand, the leaves of ARK did not show any significant changes in their chlorophyll content (Figure 2).




3.2. Photosynthetic Performance


The measurements of ChlF induction by both conventional (nonimaging) and imaging fluorometers and the evaluation of selected parameters brought further interesting results. ARK, as the only cultivar known to survive the freezing winters of the European central zone, exhibited the most marked decrease in the efficiency of PSII photochemistry in the dark-adapted state (FV/FM) during the beginning of the cold treatment. In the later phase of the cold treatment (after 15 days), FV/FM started to recover (Figure 3a). The TER, END and CDC cultivars showed much weaker inhibition of FV/FM during the cold acclimation of the second leaf. Surprisingly, the CDC cultivar exhibited its strongest inhibition after the 15th day of cold treatment, when the cold-acclimated leaves of ARK were already recovering. TER and END did not show such a marked inhibition after two weeks of cold treatment (Figure 3a).



Further analysis of the fast ChlF transient revealed that while the initial slope of the O-J ChlF rise (dV/dt)0 during the cold acclimation of the second stipules of all the cultivars had a rather decreasing trend, AKR showed a strong increase during the first eight days of cold treatment (Figure 3c). This strong increase in (dV/dt)0 reflects the increase in the apparent PSII antenna size and thus the fastest reduction of QA in PSIIs in ARK among all the cultivars that were explored. All the cultivars of the afila type (TER, END and CDC) kept the (dV/dt)0 relatively low.



The course of PIABS (it reflects the function of electron transport in PSII and the plastoquinone pool), during the cold treatment in the second leaves of ARK (Figure 3b) resembles the course of FV/FM in these leaves (Figure 3a). The PIABS of the second leaves of ARK was the lowest among all the cultivars during the time period of cold acclimation (Figure 3b). After an initial small decrease in PIABS in the second stipules of END and TER, the index rises after eight days at 5 °C, the rise being higher in TER than in END (Figure 3b). On the other hand, the second stipules of CDC kept about the same value of PIABS during the first eight days at 5 °C, then PIABS decreased slightly and started to increase after 15 days of cold acclimation.



The course of PIABS,total (it reflects the function of electron transport in the whole thylakoid membrane) of the second leaves of ARK (Figure 3d) resembles the course of PIABS of the leaves (Figure 3b), and the PIABS,total was again the lowest during cold acclimation among all the cultivars that were explored (Figure 3d). The END and TER cultivars showed increasing values of PIABS,total of their second stipules during the whole time of acclimation, the values being significantly higher in TER than in END (Figure 3d). PIABS,total also increased in the second stipules of CDC, reaching values between TER and END after 15 days of acclimation at 5 °C.



Beside the above ChlF parameters obtained with a conventional (nonimaging) fluorometer, we used ChlF imaging, which collects ChlF from whole plants. The parameters calculated from measurements with ChlF imaging (Figure 4) thus represent the average photosynthetic performance of the whole plant.



The faster supply of excitations to RCIIs after the transition of the ARK plants to 5 °C (Figure 3c) corresponded with a marked rise in the fraction of closed RCIIs (1 − qP) as a result of increased excitation pressure in the light-adapted state (Figure 4a). The other cultivars also showed an increase in 1 − qP, but milder than that observed in ARK. CDC reached its maximal 1 − qP on about the 12th day of cold treatment, when the 1 − qP of ARK was already stabilized and had started to decrease. Increased excitation pressure probably led to the increase in the quantum yield of regulatory light-induced nonphotochemical quenching (ΦNPQ; Figure 4b).



The quantum yield of PSII photochemistry in the light-adapted state (ΦP) showed a steep initial decrease in ARK (Figure 4d), and then remained almost unchanged until the end of the cold acclimation. This is not surprising since ΦP is a product of qP and FV′/FM′ (Equation (5); see Figure 4a,c). Interestingly, the ΦP of END and CDC decreased during the cold acclimation in a similar way (Figure 4d), even if particular contributions to ΦP showed different courses in END and CDC (Figure 4a,c). The pronounced decrease in FV′/FM′ at the end of the cold acclimation of END (Figure 4c) is compensated for by the lowest values of 1 − qP, and thus the highest values of qP, of END (Figure 4a). The ΦP of TER decreased during the cold acclimation in a similar way as in ARK but the decrease in ΦP was not so pronounced in TER as in ARK (Figure 4d).



Although ARK reached the significantly lowest values of FV′/FM′ during the first eight days of cold treatment (Figure 4c), and all the cultivars of the afila type kept their value of FV′/FM′ higher, after the 12th day of cold treatment the FV′/FM′ of END started to fall, and at the end of the cold treatment it was significantly the lowest. This observation is surprising when we take into account that FV/FM (the same parameter measured in the dark-adapted state of the second stipules) was at the same time kept at a high level (Figure 3a). An explanation of this phenomenon was found when we went through the images of the spatial distribution of the ChlF parameters.



The image of the spatial distribution of FV/FM and FV′/FM′ (Figure 5) demonstrates strong spatial heterogeneity, particularly in the END cultivar. While the cold-acclimated second stipules of END kept the PSII photochemistry at a relatively high level (green and red colors for FV/FM and FV′/FM′, respectively), the third stipules, which emerged and developed already under the cold treatment (cold-developed), had their PSII photochemistry markedly reduced (blue and green colors for FV/FM and FV′/FM′, respectively). (Dynamics of development of the third leaves is described in the supplementary file S2). Since all the parameters of the quenching analyses were obtained from ChlF imaging, which collects and averages the ChlF signal from the whole plant, the FV′/FM′ of the END cultivar was probably distorted by substantial differences between the second (cold-acclimated) and third (cold-developed) stipules. Confirmation of this finding was offered by the measurements of the ChlF using a conventional (nonimaging) fluorometer on the cold-developed leaves/stipules separately. Although END had quite well-maintained FV/FM in the cold-acclimated second stipules (Figure 3a), its cold-developed third stipules had their FV/FM markedly reduced (Figure 6a).



Further, TER showed a lower, and END even a markedly lower, FV/FM in the third stipules that developed at 5 °C (Figure 6a) when compared to the second stipules (Figure 3a). Contrary to that, the FV/FM of the cold-developed ARK leaves was slightly higher than of the cold-acclimated ARK leaves (Figure 6a). While the cold-developed ARK leaves had about the same values of PIABS (Figure 6b) as the cold-acclimated ARK leaves (Figure 3b), the PIABS of the cold-developed stipules of TER, CDC and END were significantly lower (Figure 6b) than in the cold-acclimated stipules (Figure 3b), the decrease being the highest in the END stipules. The time courses of the PIABS,total of the cold-developed leaves/stipules (Figure 6d) were about the same as the courses of the PIABS of the cold-developed leaves/stipules (Figure 6b). Although all the cultivars of the afila type (TER, END and CDC) kept the (dV/dt)0 relatively low in their second stipules (Figure 3c), their cold-developed third stipules had the (dV/dt)0 at a higher level (Figure 6c).





4. Discussion


The transformation of leaves into tendrils brought to the pea plants of the afila type the advantage of increased lodging resistance [4]. The connection of the acquired increased lodging resistance with the advantage of autumn sowing could bring further benefits in the form of higher biomass production and lower loses caused by the drought of late spring. However, at present there are no cultivars of the afila type that would be able to survive the winters of the European central zone. The question remained whether known cold-resistant cultivars of the afila type could be useful for breeding a cultivar that would be able to survive winters with freezing temperatures. We compared a “normal-leaf” cultivar, ARK, that is able to survive autumn sowing in the European central zone [28] with three cultivars of the afila type: a spring cultivar susceptible to low temperatures (TER) [15,27], and two cold-resistant cultivars (CDC and END) [25,26]. On the basis of a comparison of the cold-acclimated (already developed at the beginning of the cold treatment) and the cold-developed (developed during the cold treatment) leaves/stipules, we found various strategies of acclimation to cold of particular pea cultivars. Our work not only describes the differences among the cultivars, but also points out that an important piece of information can be lost when the signal is averaged from the whole plant area without the separation of the new leaves/stipules developed under stress.



All three cultivars of the afila type (TER, END and CDC) compensated for the loss of photosynthetically active area (Figure 1) by significant increases in their chlorophyll content (Figure 2) and in the efficiency of PSII photochemistry in the light-adapted state (Figure 4c,d), compared to the cultivar ARK with normal leaves. A further crucial difference between the leaves of ARK and stipules of the three cultivars of the afila type was found in the performance indices during the cold treatment. The drop in the temperature to 5 °C induced a marked decrease in both PIABS and PIABS,total in the leaves of ARK (Figure 3b,d). Such changes were already commonly described on the cold-acclimated leaves of different species during treatment at 4 °C and 8 °C [23], and 10 °C [24]. Nevertheless, the cold-acclimating stipules of TER, END and CDC exhibited the opposite trend to that observed in ARK and described in the literature [23,24]. Their PIs increased significantly during the cold treatment (Figure 3b,d). This suggests that stipules react to cold treatment differently than the leaves. Interestingly, this different behavior of the stipules disappeared in the cold-developed organs, where PIABS dropped below the values before the cold treatment both in the leaves and stipules (Figure 6b). Fundamental differences between the cold-acclimated and cold-developed leaves have already been described at the metabolome level for Arabidopsis [37]; the authors found that some metabolic networks are modulated by the environment, but some require full development under low-temperature conditions.



Although ARK, as the only cultivar with normal leaves, had the biggest GA when grown at 21 °C (Supplementary file S1), after the transition to 5 °C, its growth rate decreased most markedly of all the cultivars that were tested (Figure 1). This decrease was associated with the significantly most marked decrease in photosynthetic activity (Figure 3 and Figure 4). Thus, ARK markedly reduced the building of photosynthetic tissue and its activity after the shift to cold. This strategy is in agreement with the literature; the cold acclimation is accompanied by a decrease in growth (reviewed in [38]) and since sugars are not necessary to be synthesized to support growth, starch, as a source of energy for further usage, is synthesized preferentially at the expense of monosaccharides. Indeed, a negative correlation between plant growth and starch accumulation in plant leaves has been reported (reviewed in [39]). Further, these changes are accompanied by downregulation of photosynthetic activity, as observed in ARK (Figure 3 and Figure 4), the downregulation being driven by reprogramming of gene expression (reviewed in [40]). This strategy of sheltering resources might be advantageous in the case of a prospective freezing winter. Nevertheless, when no further signs of upcoming winter, such as greater decreases in the temperature or shortening of the day, occurred during the next three weeks, the leaves of ARK acclimated to the cold and the photosynthetic efficiency began to grow again (Figure 3a,b, Figure 4d). Subsequently, the relative growth rate also increased slightly (Figure 1).



On the other hand, TER, as the cultivar with the lowest cold resistance [15,27], showed the significantly lowest inhibition of growth rate during the cold treatment (Figure 1), the highest chlorophyll content in the cold-developed stipules (Figure 2) and the highest performance indices at the end of the cold treatment (Figure 6b,d). A similar conclusion was reached by Dahal et al., who reported that upon cold acclimation winter cultivars of wheat and rye exhibited high maintenance energy (per unit plant volume) and that the energy was stored and later utilized for rapid reproductive growth in spring, since the spring cultivars continued in the transition from vegetative to reproductive state even during the cold acclimation and showed lower maintenance as a result of continued energy consumption for elongation growth [41].



Thus, among all the cultivars that were tested, TER seems to have lost the ability to sense cold as a signal for the reduction of growth most pronouncedly. Insensitivity to cold might be advantageous for spring sowing where no decreases to freezing temperatures are expected any more, and the plant is not limited to producing the biggest biomass. For autumn sowing, however, it means the loss of the ability of stress avoidance.



The two cold-resistant cultivars of the afila type (CDC and END) had the lowest GA (Figure 1) but on the whole, the other traits, such as RGR (Figure 1) and the parameters of the ChlF induction curves (Figure 3), were predominantly kept between the values obtained for ARK and TER during the cold acclimation. Remarkable changes were obtained when the third leaves/stipules, which emerged after the transition to cold (cold-developed), were analyzed separately from the second leaves/stipules, which were transferred to 5 °C from 21 °C (cold-acclimated) (Figure 5 and Figure 6). Although the cold-acclimated second stipules of END kept relatively high PSII photochemistry (and markedly higher then ARK; see Figure 3), the cold-developed third stipules of END exhibited the most marked inhibition of the parameters of PSII photochemistry (even significantly lower values than ARK had; Figure 6a,b), as well as of the total performance index on an absorption basis (Figure 6d). Thus, similarly to ARK, this cultivar reduced its photosynthetic activity and growth (see Figure 1), although, contrary to ARK, this inhibition does not occur in the cold-acclimated organs (stipules) but manifests itself predominantly in the cold-developed parts. Then, despite the fact that END does not bear the characteristics of the genuine winter cultivar suitable for European continental winters, it might be useful for further research oriented toward winter cultivars of afila type. Nevertheless, we still should keep in mind that further factors, such as the responsiveness to the photoperiod [42], also play a prominent part in winter resilience (for a review see, e.g., [43]), and that cold acclimation in laboratory conditions does not always reflect real winter hardiness [44]. Further tests are thus needed, including a winter survival test in the field, to support this idea.



Our data further revealed that although plant phenotyping based on ChlF analyses represents a very sensitive tool for studies of plant adaptation to stress, the parameters calculated as averages from all plant organs are not optimal for the detection of delicate differences among cultivars in cold acclimation. Due to the fact that leaves from different shoot levels react in various manners, the information of our interest may be hidden in the average signal coming from the whole plant area. We further propound that the most marked changes reflecting the different responses to cold are manifested predominantly in the new leaves developing during the cold treatment.




5. Conclusions


On the basis of an evaluation of plant growth, chlorophyll content and photosynthetic function after the temperature drop from 21 °C to 5 °C in the leaves/stipules of TER, END, CDC and ARK pea cultivars, we conclude that despite the declared cold resistance of END and CDC, these cultivars do not have the genuine characteristics of a cultivar suitable for European continental winters. Although similar behavior as in END was also observed in the cold-acclimated stipules of other afila-type cultivars (TER, CDC), a significant decrease in photosynthetic function (FV/FM, PIABS, PIABS,total) occurred in the cold-developed END stipules. This decrease was even higher than in the cold-developed leaves of the winter cultivar ARK, where the decrease in photosynthetic function as a result of cold treatment was also observed in the cold-acclimated leaves. Thus, in the afila cultivars the most promising results were exhibited by the END cultivar, which showed the highest response to cold in the form of photosynthesis and growth inhibition, which can be seen as a storage preservation mechanism for overwintering. We further conclude that the parameters of ChlF calculated from the overall plant area are not optimal for the description of delicate differences in cold acclimation and recommend analyzing the leaves that developed after the transition to cold separately from the rest of the plant as a more precise strategy for the selection of cold-tolerant cultivars.
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Figure 1. Green area (GA) and relative growth rate (RGR) of whole plants of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC) and Arkta (ARK) in the course of cold treatment. Medians and quartiles are presented. Different letters indicate statistically significant differences among the cultivars on the same day (Holm–Sidak or Tukey tests; p < 0.05). 
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Figure 2. Chlorophyll content of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC) and Arkta (ARK) measured before the cold treatment (Day 0) on second leaves/stipules and after the 22-day-long cold treatment on second leaves/stipules (cold-acclimated) or on third leaves/stipules, which emerged during the cold treatment (cold-developed). Means and SD are presented. Different letters indicate statistically significant differences among the categories of the same cultivar (Holm–Sidak or Tukey tests; p < 0.05). 
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Figure 3. The maximum quantum yield of primary PSII photochemistry in dark-adapted state (FV/FM; a); the performance index on an absorption basis (PIABS; b); the initial slope of the O-J ChlF rise ((dV/dt)0; c); and the total performance index on an absorption basis (PIABS,total; d) during cold treatment measured on the second leaves/stipules of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC) and Arkta (ARK). Medians and quartiles are presented. Different letters indicate statistically significant differences among the cultivars on the same day (Holm–Sidak or Tukey tests; p < 0.05). 
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Figure 4. The excitation pressure (1 − qP; a), the quantum yield of regulatory nonphotochemical quenching (ΦNPQ; b), the maximal quantum yield of PSII photochemistry (FV′/FM′; c) and the effective quantum yield of PSII photochemistry (ΦP; d) in the light-adapted state were averaged from whole plants during the cold treatment of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC) and Arkta (ARK). Medians and quartiles are presented. Different letters indicate statistically significant differences among the cultivars on the same day (Holm–Sidak or Tukey tests; p < 0.05). 
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Figure 5. Spatial distribution of the maximal quantum yield of PSII photochemistry in the dark-adapted state (FV/FM; upper line) and in the light-adapted state (FV′/FM′; lower line) obtained by ChlF imaging of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC) and Arkta (ARK). Representatives of each cultivar after 15 days of cold treatment are displayed. The color represents the value of the respective parameter in the particular pixel as per their axes on the right-hand side. Close-up view to the contrasting spatial distribution of FV/FM and FV′/FM′ of the newly developed stipules of cultivar END is highlighted in squares. 
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Figure 6. The maximum quantum yield of primary PSII photochemistry in dark-adapted state (FV/FM; a); the performance index on an absorption basis (PIABS; b); the initial slope of the O-J ChlF rise ((dV/dt)0; c); and the total performance index on an absorption basis (PIABS,total; d) during cold treatment measured on the third leaves/stipules of the pea cultivars Terno (TER), Enduro (END), CDC Le Roy (CDC), and Arkta (ARK). Medians and quartiles are presented. Different letters indicate statistically significant differences among the cultivars on the same day and leaf level (Holm–Sidak or Tukey tests; p < 0.05). 
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Table 1. Cultivars used in the experiments.
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	Cultivar
	Origin
	Leaf Type
	Utilization
	Growth Type
	Flower Color
	Seed Color
	Cold Resistance
	Reference





	Arkta
	AGT
	normal
	Forage
	winter
	violet
	brown
	Central European winters
	[28]



	Enduro
	AGT
	afila
	Field
	winter
	white
	yellow
	Mediterranean winters
	[26]



	CDC Le Roy
	CDC
	afila
	Forage
	spring
	white
	yellow
	Canadian springs
	[25]



	Terno
	AGT
	afila
	Field
	spring
	white
	yellow
	No
	[15,27]
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