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Abstract

:

Pepper plants are subject to complex environmental factors including abiotic and biotic stresses in fields, as well as the significant effects of climate changes, including low and high temperatures. Low temperature stress in the growth and development of pepper plants is one of the most critical issues, and directly impacts the crop yield and productivity of pepper plants. Therefore, it is essential to select and breed low temperature-(LT) tolerant pepper (Capsicum annuum L.) cultivars. This research was conducted to assess the agronomical traits of 39 pepper accessions belonging to the chili and bell fruit varieties which were cultivated under two different night temperature set-points: at 15 °C for a suboptimal temperature (CT) and at 10 °C for a low temperature (LT). The plant heights (PH) of most pepper accessions in a LT were significantly decreased compared to those in a CT. The stem diameter (SD) and the length of main axis (LMA) varied depending on the genotypes under LT. Moreover, the number of flowers (NFL), total number of fruits (NFR), fruit yield (FY), fruit fresh weight (FFW), fruit length (FL), fruit diameter (FD), and number of seeds in a fruit (NSF) remarkably declined in a LT compared to in a CT. The evaluated agronomical traits between LT and CT were further applied for the correlation analysis, principal component analysis (PCA), and hierarchical cluster analysis. Notably, the FY trait was correlated with other reproductive traits including NFR, FFW, FD, and FL on the positive directions and thirty-nine LT-treated pepper accessions were clustered into seven groups by the hierarchical clustering analysis. The selected accessions were primarily involved in the positive trends with the reproductive index including NFR, FL, FD, and FFW traits and could be used for pepper breeding programs to develop LT-tolerant cultivars.
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1. Introduction


Pepper plants (Capsicum annuum L.) originate from the American tropics, are classified into the Solanaceae family, and are considered as an essential horticultural crop. Among the 30 species in Capsicum, around five species, including C. annum, C. baccatum, C. chinense, C. frutescens mill, and C. pubescens, are broadly domesticated by plant breeders and farmed in agricultural areas [1]. The pepper fruits of chili and bell peppers are used in diverse cuisines as a source of basic ingredients, contributing a variety of vitamins, phytochemicals, minerals, food colors, and capsaicin [2,3,4]. The importance of peppers in agriculture and the cultivation area and production of peppers is increasingly worldwide. According to the Food and Agriculture Organization (FAO) and the Korean Statistical Information Service (KOSIS) in 2019, the cultivation area and the production of peppers accounted for approximately 4.5 million ha and 61 million tonnes of the total green and dried peppers grown worldwide (http://www.fao.org/faostat/), as well as around 36,600 ha and 334,280 tonnes of green and dried peppers of both chili and bell varieties in Korea (https://kosis.kr/eng (accessed on 9 August 2021), respectively.



Climate changes, including low and high temperatures, strong wind, drought, flooding, and heavy rainfall can severely influence crop yield and productivity [2,5]. Particularly, reports demonstrated the impact of the night low temperature (NLT) with different temperature regimes during the period of entire growth and development [6,7]. The NLT remarkably affected seed germination, seedling growth, leaf morphology, stem diameter (SD), and plant height (PH) during the vegetative stages of tomato, cucumber, and pepper plants [7,8,9,10,11,12,13,14], causing poor growth and development. The temperature stress also affected the reproductive index, including the agronomical traits of the number of flowers (NFL), the number of fruits (NFR), fruit set (FS), and fruit yield (FY) during reproductive stages of pepper plants [15,16,17]. Since the flower development was highly associated with NFR, FS, and FY in response to LT, many studies focused on the development of the floral organs. For example, the plants grown in temperatures below 15 °C resulted in abnormal flower shapes, reduced pollen activity and quality [18,19,20], parthenocarpic fruits [21], a decrease in the number of seeds in the fruit (NSF) [21,22,23]. Moreover, in comparison with those grown in normal and low temperatures, flower development was shown in the malformation of unexpanded petals, stunted stamens containing a few of pollen, and a reduced pollen germination activity in androecium [19,22]. Flower development was also impaired by the swollen ovary and shorter styles in the gynoecium, resulting in the poor quality of fruit development; small, flat, and irregular shaped fruits [15,16,17,18,19,20,21,22]. Although the effects of NLT on the aforementioned vegetative and reproductive parameters were determined in pepper plants, the impact of NLT was only characterized in limited accessions and mainly in sweet peppers.



The temperature regulation is one of the most important factors for pepper growth and is preferentially considered for cultivation in a winter greenhouse. According to the Korea Meteorological Administration (KMA) (https://www.weather.go.kr/w/index.do (accessed on 9 August 2021)) and our previous publication [19], in Wanju, where this study was performed in Korea, the minimum and maximum temperatures fluctuated from −6.3 to 8.7 °C. Additionally, the average temperature was maintained from −1.7 to 3.9 °C for the winter season, as has been the case since 1970, indicating that the climate of Wanju fluctuated from −7 to 10 °C during the period of winter season. Generally, the heating demand for greenhouse cultivation significantly increased at night time in winter [24] and the heating accounted for around 19–23% of the operating costs in Korea from 2017–2019 [25]. Several studies showed that sub-optimal temperatures in greenhouses could decrease energy costs by approximately 16% with a 2 °C temperature reduction [26], suggesting that the sub-optimal temperature ranging from 15–20 °C could be considered as the minimal low temperature, which avoided serious damage to plant growth and development [27,28]. Interestingly, it was shown that LT led to a higher fruit yield than the optimal temperature (>20 °C) [22], whereas LT (<10 °C) resulted in the severe defective growth and development of the plants [29,30]. However, a few studies recently elucidated the development of breeding systems for selecting low temperature (LT)-tolerant pepper accessions. There is still a possibility of developing breeding programs with a large number of different fruit types for pepper plants, economically regulating NLT at 10 °C with the optimal temperature set-points at 15–20 °C in winter greenhouse.



In this work, we analyzed the agronomical traits of the pepper plants, including chili peppers (n = 27) and bell peppers (n = 12), in response to night low temperatures in greenhouse conditions. The vegetative parameters of PH, SD, and LMA and the reproductive parameters of NFL, FY, FW, FD, NFR, and NSF were investigated among 39 pepper genotypes between 15 °C and 10 °C in a greenhouse. On the basis of this correlation, as well as PCA and cluster analysis, together with ten agronomical traits, we selected four genotypes of chili peppers and four genotypes of bell peppers exhibiting low or high performances of vegetative and reproductive parameters, which were associated with high FY traits between LT and CT. The characterized and identified pepper genotypes in the present study will be used as a good resource for pepper breeders to breed LT stress-tolerant cultivars in winter greenhouses, with the consideration of a high FY index.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


A total of 39 pepper breeding lines including chili (n = 27) and bell peppers (n = 12) from National Institute of Horticultural and Herbal Science (NIHHS, Korea, 35°83′ N, 127°03′ E) were utilized in the experiments (Table S1). The seeds of the 39 pepper lines were sown on 28 September 2020 in plastic trays which were 52 cm × 26 cm in pot size and 6 cm × 6 cm in cell size. The trays were transferred into a glasshouse that maintained 26/18 °C (day/night) and relative humidity from 65–70% and given one liter of water, daily. 14-day-old seedlings were transplanted on 13 November 2020 into two plastic film greenhouses. Pepper seedlings of ten plants per accession were planted with a distance of 1.5 m × 35 cm between plants in both LT and CT greenhouses. To help the pepper seedlings adapt new environment conditions, night temperature set-point was initially maintained at 15 °C for 2 weeks in both greenhouses and then was modulated for LT and CT, respectively.




2.2. Soil Preparations


The soil preparations in the trays and two greenhouses were completed as previously described in [16]. The commercial media (Bio Sangto, Seoul, Korea) which consisted of coco peat (47.2%), peat moss (35%), zeolite (7%), vermiculite (10.0%), dolomite (0.6%), humectant (0.006%), and fertilizers (0.194%), which were made of 270 mg kg−1 of N, P and K, respectively. The soil preparations in two greenhouses were prepared, following the recommendations of the Korea Soil Information System (KSIS) (https://soil.rda.go.kr (accessed on 28 August 2021)), equally with pre-plant broadcast manure at a dose of 1 kg m−2 and basal fertilizer containing 16 g m−2 N, 8 g m−2 K2O, and 16 g m−2 P2O5, which was regularly fertigated with the mixture of solution A (5.5% nitrogen, 4.5% potassium, 4.5% calcium, 0.00014% boron, 0.05% iron, 0.0001% zinc, and 0.0002% molybdenum) and B (6% nitrogen, 2% phosphorus, 4% potassium, 1% magnesium, 0.05% boron, 0.01% manganese, 0.005% zinc, and 0.0015% copper) in 1200 L water (Mulpure, Daeyu Co., Ltd., Gyeongsan, Korea).




2.3. Temperature Regulations


The winter climate where this experiment was conducted was shown in our previous report [16]. Briefly, the temperature was monitored and recorded in LT and CT greenhouses during the period of the pepper cultivation using data logger (Figure S1) (WatchDog 1450, Spectrum Technologies Inc., Aurora, IL, USA). Nighttime temperature was maintained by heating machine (Model TKP-800, Tae Kwang Machine Co., LTD., Daegu, Korea) whenever the temperature decreased below the 10 °C and 15 °C set-points. The relative humidity (RH) was kept within approximately 40–60% in both greenhouses, respectively.




2.4. Diseases and Pest Controls


Diseases and pest controls were conducted as previously described in [16]. Briefly, 20% of Spiromesifen (Farmhannong, Seoul, Korea) was diluted with the ratio of 1:2000 for controlling whitefly; 5% of Rampage (Hankooksamgong, Seoul, Korea) was diluted with the ratio of 1:1000 for controlling thrips. In addition to this, 30% of Iminoctadine tris (Farmhannong, Seoul, Korea) was diluted with the ratio of 1:1000 for controlling leaf and gray molds; 50% of Polyoxin B (Farmhannong, Seoul, Korea) was diluted with 1 to 5000 for controlling powdery mildew and fungi.




2.5. Data Collections


The pepper accessions were planted with the same arrangement in LT and CT greenhouses from three independent biological plants, which were randomly selected among ten plants for measurement the reproductive parameters. The number of flowers (NFL) was determined from the second to fifth internodes and the vegetative parameters, including plant height (PH), stem diameter (SD), and length of main axis (LMA), were measured at 120 days after transplanting (DAT) of seedlings. Total number of fruits per plant (NFR) and fruit yield per plant (FY) were measured from three individual plants, randomly. Five fruits of each accession were collected for measurement of fruit fresh weight (FFW), fruit length (FL), fruit diameter (FD), and the number of seeds in a fruit (NSF) using a digital electron Micro Weighing Scale MW-II (CAS), a ruler, and a caliper, respectively.




2.6. Data Analysis


The significant difference in vegetative parameters of PH, SD, and LMA, and reproductive parameters of NFL, NFR, FY, FD, FL, FFW and NSF were assessed as described in the figure legends with Student’s t-test using EXCEL 2016 software (Microsoft Co., Ltd., Albuquerque, NM, USA). To figure out the effects of LT on the evaluated traits, the score of agnomical traits was calculated by dividing LT by CT and multiplying by 100 (%). The analysis of correlation coefficients was performed among the total populations (n = 39) using EXCEL 2016 (Microsoft, Redmond, WA, USA). The multivariate analysis, including correlation analysis, principal components analysis (PCA), and hierarchical cluster analysis were assessed using SPSS program (IBM SPSS v27.0, Chicago, IL, USA). The adequacy of the samples was carried out by the Kasier-Meyer-Olkin (KMO > 0.5), and Bartlett’s test of Sphericity (BTS < 0.001) was utilized as an indicator in the proper construct of the PCA model to evaluate the relationship between variables.





3. Results


3.1. The Vegetative Traits with Chili and Bell Peppers


In order to understand the response of pepper plants to the night low temperature (NLT), the vegetative parameters including PH, SD, and LMA were investigated among 39 pepper accessions at 120 DAT in LT and CT greenhouses. The growth rate of most of the accessions in PH significantly reduced in LT compared to that in CT (Figure 1A). Only one accession C22 of chili pepper was observed with no significant difference in both LT and CT. The lowest significant difference (p ≤ 0.05) was identified in C17 of chili pepper and P06 of bell pepper.



Next, in order to evaluate the effect of LT on the stem growth, the plant stem diameter (SD) was measured among 39 pepper accessions. Sixteen accessions of chili pepper and seven accessions of bell pepper were observed to have no significant difference between LT and CT (Figure 1B). The significant differences (p ≤ 0.01) were identified with C02, C05, C17, and C20 of chili peppers and P01 of bell pepper. Interestingly, the SD of C05 accession was higher in LT than in CT. In addition to this, the growth of LMA was investigated and thirteen accessions of chili peppers and two accessions of bell peppers were observed with no remarkable differences between LT and CT (Figure 1C). The significant difference (p ≤ 0.001) was determined in C13, C16, C21, and C23 of chili peppers and P01 and P02 of bell peppers. Taken together, the observations indicated that the effect of LT on vegetative traits was widely varied from genotypes among 39 pepper accessions.




3.2. The Reproductive Traits of NFL, NFR, and FY with Chili and Bell Peppers


In order to determine the response of pepper accessions to NLT regarding the reproductive traits, the reproductive parameters including NFL, NFR, and FY were investigated among 39 pepper accessions at 120 DAT in LT and CT greenhouses. The effect of LT on NFL was different depending on the pepper accessions (Figure 2A). The floral organs were not developed in C04, C13, and C16 accessions in both LT and CT conditions, and the flowers of C03, C17, and P11 were developed in CT but not in LT. No significant difference in NFL was observed except for the P06 and P10 accessions between both LT and CT. In addition, the effect of LT on NFR per plant at 120 DAT was subsequently evaluated and observed in the significant reduction in most pepper accessions in LT (Figure 2B). Notably, C04, C08, C13, and C16 of chili peppers were not shown in any fruit in both LT and CT, whereas C22, P08, and P09 were not different between LT and CT. Because high fruit yield was one of the most important parameters to determine LT-tolerant pepper cultivars in breeding programs, the evaluation of FY was implemented and it was drastically decreased in LT compared to CT, except for P08 and P09 of bell peppers (Figure 2C). Interestingly, the highest index of FY over 500 g was identified in C01, C02, C05, C18, C19, C23, and C24 of chili peppers and in P01, P02, P03, and P04 of bell peppers in CT, whereas it was observed in C22 (226.7 g) of chili pepper and P04 (215.0 g) of bell pepper in LT.




3.3. The Fruit Traits of FD, FL, FFW, and NSF with Chili and Bell Peppers


In order to explore the impact of fruit traits in response to LT, the fruit traits-related FD, FL, FFW, and NSF were evaluated among 39 pepper accessions at 120 DAT in LT and CT greenhouses. FD dramatically decreased in most pepper accessions in LT in comparison with CT (Figure 3A). However, no appreciable difference in FD was found in C23 of chili peppers and P01 and P04 of bell peppers between LT and CT. In detail, the widest FD over 25 mm and 60 mm was found in C02, C05, C14, C15, C21, and C22 of chili peppers and P02, P03, P5, and P10 of bell peppers in CT, respectively. The widest FD over 15 mm and 50 mm was observed in C02, C05, C14, C22, and C23 accessions, and in P01, P02, P05, P08, and P09 accessions in LT.



A previous study reported that FD was highly associated with FL [31,32]. In order to validate the effect of LT on FL, together with FD, FL was measured among 39 pepper accessions and FL was noticeably reduced in most pepper genotypes in LT compared to CT (Figure 3B). However, no appreciable difference in FL was observed in P06 and P08 of bell peppers between LT and CT. In detail, the longest FL over 15 cm and 10 cm in CT was determined in C02, C05, C06, C14, C18, C19, C22, C23, and C24 of chili peppers, and in P01 and P02 of bell peppers. Moreover, the longest FL over 10 cm and 5 cm in LT was observed in C18, C19, C22, and C23 of chili peppers and P02, P04, and P09 of bell peppers, respectively. FFW was also investigated and decreased in most pepper accessions in LT compared to CT, except for P08 and P09 of bell pepper which exhibited no significant difference between LT and CT conditions (Figure 3C). One study determined the effect of LT on the seed development in the pepper fruit, which caused the growth of seedless fruit (referred to as parthenocarphy) and a reduced fruit marketability [18]. To further confirm the effect of LT on seed development in a fruit, the number of seeds per fruit was counted. The results showed that NSF was reduced in a variety of pepper accessions and even all fruits of bell peppers did not develop any seeds in LT condition (Figure 3D). Intriguingly, the NSF of C12 accession increased in LT compared to CT and no appreciable difference in NSF was found in C25 and P05 accessions between LT and CT. In addition, the highest NSF over 80, 70, and 40 seeds in CT was identified in C20, C21, and C24 of chili peppers and P01, P02, and P09 of bell peppers and the highest NSF over 40 in LT was observed in C12, C24 and C25 of chili peppers.




3.4. The Principal Component Analysis (PCA) of Agronomical Traits


In order to understand the relationship between the multiple variables, including the aforementioned parameters, a principal component analysis (PCA) was conducted (Figure 4). A correlation matrix of 10 variables was produced in LT and CT conditions (Figure S2). The Kaiser-Meyer-Olkin (KMO) was calculated for the adequacy of measured samples on vegetative and reproductive traits, and the score was 0.720. Bartlett’s Test of Sphericity (BTS) was significantly lower than 0.001, indicating that the samples and PCA construct were appropriate for PCA analysis. Five PCs were extracted from ten studied agronomical traits and the eigenvalues were greater than one from the first three (Table S2). To reduce the dimensions of the data space, the correlation matrix with the first two components of PCA was applied. The total variance of the acquired data was explained with the 65.76%, which represented 46.63% from component factor 1 (PC1) and 19.13% from component factor 2 (PC2), respectively. The traits (scores > 0.30) were loaded onto PC1 and PC2 (Table S2A). The first component PC1 contributed to multiple traits, concluding that FL had a major contribution towards positive loading vectors (0.885), followed by FD (0.878) and FW (0.791) within the first component, and PC2 exhibited FY (0.914) and NFR (0.815). This indicated that three major and two minor variables had a strong correlation with the first PC and second PC, respectively.




3.5. Clustering Analysis


In order to analyze the association with the PCs in 39 pepper accessions, a scatter plot matrix was drawn using the component factor 1 (PC1) and factor 2 (PC2), exhibiting no clear pattern for the grouping of pepper fruit varieties (Figure 4). The PC1 and PC2 factors were further justified to agglomerative hierarchical clustering utilizing the Euclidean distance matrix through Ward’s method and the dendrogram was produced on the basis of the results. Seven major groups were distinctly clustered (Figure 5A). The results showed that group 1 primarily had a very low value of LMA and PH; group 2 had a moderate low value of SD and NFL; group 3 had a low value of both vegetative and reproductive traits; and group 4 had a moderate value of SD in vegetative traits, and a high value of FL and FD in reproductive traits. Additionally, it displayed that the group 5 had a high value of PH and SD in vegetative traits and NFR and FL in reproductive traits; group 6 had a high value of FW, FL, and FD in reproductive traits; and group 7 had a high value of LMA in vegetative traits, and a high value of NFL, NFR, FY, FFW, and FD in reproductive traits. Depending on the clustering and the studied agronomical traits, the plants displaying a low performance of the agronomical traits were selected in two accessions (C01 and C02) of chili peppers and two accessions (P01 and P02) of bell peppers, and the plants showing a high performance of agronomical traits were selected in two accessions (C22 and C23) of chili peppers and two accessions (P08 and P09) of bell peppers (Figure 5B).





4. Discussion and Conclusions


Pepper plants were naturally exposed to harsh cold stress during winter season in agriculture and possessed the cellular and molecular mechanisms to acclimate and overcome low temperature stress [33,34,35,36]. Previous reports demonstrated a response to LT with limited accessions, mainly in reproductive traits, including flower morphologies, fruit shapes, fruit varieties, and fruit yield [6,18,19]. Additionally, the effect of LT on the agronomical traits was determined primarily in sweet peppers. In this study, we assessed 39 pepper genotypes including chili (n = 27) and bell fruit varieties (n = 12) and evaluated the vegetative and reproductive traits during the entire period of the pepper growth and development stages under LT, which could economically reduce the heating demand of the pepper cultivation in a winter greenhouse.



The effect of LT showed that the PH decreased significantly in almost all accessions, except for one accession, C32, which was not significantly different among the chili peppers grown between the LT and CT greenhouses (Figure 1A). In line with our current results, previous studies determined that the effect of LT on PH influences the retarded growth of plant height in pepper and cucumber plants with different low temperature regimes [7,9,37]. In addition to this, previous studies also reported that the reduction in tomato plant height in LT could be correlated to the number of leaves, which influenced the relative growth rate and net assimilation rate with the modulated photosynthetic ability [9]. Next, it was in our interest to further investigate how the number of pepper leaves, leaf length, and leaf width, as well as the photosynthetic parameters were involved in PH in LT.



The effect of LT on SD exhibited a reduction in twenty-one accessions (40.8%) of chili peppers and five accessions (41.6%) of bell peppers, respectively (Figure 1B), whereas other accessions in LT did not significantly decrease in SD, except for C05 which showed a higher growth of SD in LT than in CT. This result was in agreement with a previous study which determined the difference in the SD of tomato plants under LT [15,16]. The finding showed that the SDs varied depending on the tomato genotypes without fruit types [16]. Moreover, the effects of LT on LMA displayed a reduction in 13 accessions (48.2%) of chili peppers and 10 accessions (83.3%) of bell peppers, respectively (Figure 1C), indicating that the effect of LT on SD and LMA might be also significant among pepper genotypes, irrelevant of fruit types (Figure 1), and that the bell peppers would be very sensitive to LT in the vegetative traits compared to those in CT, as previous studies mentioned [18]. In the current study, the positive high temperature (day temperature–night temperature > 0) in tomato plants led to an increased stem thickness and enlogation, as well as the number of xylem vessels via the modulation of genes involved in the cell wall, GA, and auxin biosynthesis [38]. Furthermore, our studies were essential to provide factors affecting the pepper stem diameter and enlogation with the phytohormones under diverse LT regimes. Collectively, we did not completely understand how LT affected the vegetative index, such as SD and LMA, in pepper plants. Nevertheless, our current results clearly suggested that LT influenced pepper growth and development during the vegetative stages.



We conducted the investigation of a reproductive index including NFL, NFR, and FY. A study reported that NFL, in the first truss of the tomato plant, displayed no significant difference under a low temperature in the atmosphere, while the NFL was promoted by a low temperature in the root area [39]. In addition, our previous research found that the LT did not affect the NFL of the tomato plant and LT influenced the NFL with a genotype-specific interaction [15,16]. In the agreement with our previous studies, our current finding also showed that the NFL of most pepper accessions showed no remarkable difference between the LT and CT, although NFL was reduced in several accessions of chili and bell peppers (Figure 2). Despite that, we did not understand why the effect of LT on NFL in most accessions was not influenced. Our further studies need to focus on elucidating the mechanistic role of the impact of LT on NFL in pepper plants with a consideration of the air and root low temperature.



Previous studies showed that NFR was closely associated with FY in LT [13,39] and that NFR and fruit setting were key determinants to select LT-tolerant tomatoes and peppers with high fruit yields [16,40]. In line with a previous study, the effect of LT on NFR and FY resulted in the drastic decrease compared to those in CT (Figure 2B,C), suggesting that NFR and FY were closely correlated in LT. Moreover, LT affected the reduction in FD, FL, and NSF (Figure 3), resulting in irregular fruit shapes (Figure 5B). These findings were concordant with previous effects of LT on the flower morphology and the fruit development [18]. The studies assessed that the impact of LT on anther and ovary shapes caused the malformation of floral organs including the stunted stamen, the decreased number of pollen, and a reduced pollen activity by hindering pollination and fertilization [18,22], which further led to the abnormal formations of fruit development, irregular fruit shapes, and parthenocarpic fruits, together with reduced NSF [18,41]. The previous studies determined that the malformation of fruit shapes in rice, mango, and pepper plants were produced by the swollen ovary and shortened style in LT [2,6,42,43], indicating that the development of floral organs with a stamen and an ovary was very sensitive to LT. Furthermore, the parthenocarpic fruits and the declined NSF were associated with the balance of plant hormones, including auxin, gibberillin, and cytokinin due to the lack of fertilization, but might not be a defect of pollination [44,45]. Next, our important endeavor was to dissect the involvement of the plant hormones and the anatomic structures of floral organs during the period of flower development under different low temperature regimes.



We utilized the correlation matrix to perform a PCA analysis determining the crucial factors with 10 variables of agronomical traits between LT and CT, and 5 traits (scores > 0.30) were loaded into the plot. The first two PCA explained 65.76% of the agronomical variables (Figure 4). The angle between the vectors of traits, including FFW, FD, and FL in PC1 and NFR in PC2 with FY, were less than around 80°, indicating that the positive correlations were exhibited in the variables which were in line with previously published statistics [16]. Our finding showed that FFW, FD, and FL were closely correlated in LT effect. Studies were not conducted on the effects of LT and the LTN condition on fruit shapes such FFW, FD, and FL. On the one hand, a study reported that the FFW was positively associated with FD and pericarp thickness, but not in FL [46,47] under normal conditions. Moreover, some studies determined that the quantative trait locus (QTL) governing FFW and FD was linked on the choromosome P12, indicating that the positive trends between FFW and FD could be described from our PCA result [48]. Additionally, studies assumed that the mechanism of fruit development factors, including FD, FL, and FFW, were most likely shared [31,32]. Notably, in our current study, the effect of LT on the parameters of fruit development uncovered that FL was highly correlated with FD. Given that one study mentioned that the FL was governed by between 3 and 10 pairs of genes and was most likely affected by environmental conditions [46], further studies should investigate the mechanistic role of how the fruit developmental factors are governed by the gene clusters.



As our previous publication mentioned [27,28,29], the decreased NFR of sweet pepper in LT was associated with FY, showing the close correlation between the traits. In line with our current results, the previous PCA analysis of tomato plants also exhibited a strong correlation with FY and NFR in LT effect [16], suggesting that the NFR plays an important role in determining the yield-related parameters such as fruit set and fruit yield in pepper plants for breeding programs when selecting LT-tolerant peppers. A biplot analysis was further conducted to understand the multivariate relationships with 39 pepper accessions containing 27 chili and 12 bell peppers accessions (Figure 4). The evaluated agronomical traits and correlation matrix were applied to the cluster analysis and classified into seven groups (Figure 5A). Our findings showed that group 1 to group 3 tended to have negative trends with regard to the vegetative and reproductive parameters, but some accessions still exhibited moderate high and low values for these parameters. On the one hand, group 4 to group 7 tended to have positive trends, mainly with the reproductive parameters and with one or two of the vegetative parameter(s). Our previous study determined, in the selection criteria for LT-tolerant tomatoes, that tomato plants displayed different vegetative or reproductive indexes depending on fruit types [16]. Given that the clusters grouped with the reproductive index still exhibited one or two vegetative parameters in some accessions, or vice versa in different clusters, it is probable that the screening of the pepper accessions tolerant to LT were also taken into consideration with a different selection index among pepper accessions in the greenhouse. On the basis of our clustering of 39 pepper accessions (Figure 5A), we selected two LT-sensitive two chili and bell pepper accessions (C01 and C02 in group 2, P01 and P02 in group 1) which showed the low values of the vegetative and reproductive indexes, respectively. Additionally, it was observed that two LT-tolerant chili and bell peppers (C23 in group 4 and C22 in group 5; P08 in group 6 and P09 in group 7) mainly showed a high value of the reproductive index, such as FY, FFW, FL, and FD. Intriguingly, the fruit shapes of LT-sensitive chili and bell pepper genotypes were much smaller than those in CT, whereas the the fruit shapes of LT-tolerant genotypes were almost similar, or smaller to some exent, in comparison with those in CT (Figure 5B). Our results indicated that FL and FD played a crucial role in selecting LT-tolerant cultivars. Taken together, we assume that the results from our PCs and cluster analysis can be importantly considered as a measure for the selection of LT-tolerant pepper cultivars with reproductive and fruit shape-related traits, although the left traits are shown to have a minimal contribution to positive or negative directions. The selected accessions could be further used for pepper breeding programs to develop LT-tolerant chili and bell pepper cultivars with the selection criteria in winter greenhouses.
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Figure 1. The evaluation of vegetative traits on (A) plant height, (B) plant stem diameter, and (C) length of main axis among 39 pepper accessions in LT and CT greenhouses. Plant height, stem diameter, and length of main axis were measured at 120 days after transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted by *, ** and ***, respectively. NS means not significant and bars indicate ± standard deviation (n = 3). 
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Figure 2. The evaluation of reproductive traits on (A) the number of flowers, (B) the number of fruits, and (C) fruit yield among 39 pepper accessions in LT and CT greenhouses. The reproductive parameters were measured at 120 days after transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted by *, **, and ***, respectively. NS means not significant and bars indicate ± standard deviation. (n = 3). 
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Figure 3. The evaluation of reproductive traits on (A) fruit diameter, (B) fruit length (cm), (C) fruit fresh weight, and (D) the number of seeds among 39 pepper accessions in LT and CT greenhouses. The reproductive parameters were measured at 120 days after transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted by *, **, and ***, respectively. NS means not significant and bars indicate ± standard deviation (n = 3). 
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Figure 4. Biplot for first two principal components was analyzed using the principal component analysis (PCA) for 10 agronomical traits among 39 pepper accessions possessing chili (red square) and bell (blue diamond) fruit varieties between LT and CT conditions. The green round circles with multiple diamonds and the arrows represent the variables and the direction of vectors, respectively. 
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Figure 5. (A) Dendrogram was performed by the cluster analysis of 39 pepper accessions on the basis of the Euclidean distance using components factors 1 and factors 2. (B) Four pepper accessions in chili and bell pepper were selected and the pictures were shown in the fruits of pepper plants taken at 120 days between LT and CT greenhouse conditions. 
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