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Abstract

:

When obtaining new cultivars or monitoring the nutritional composition of lettuce, new techniques are necessary given the high cost and time required to conduct laboratory analyses of plant composition by conventional methods. The objective of this study was to evaluate different vegetation indices for the estimation of anthocyanin, chlorophyll, and carotenoids in mini-lettuce genotypes with different leaf colors and different typologies from red, green, and blue (RGB) images. The contents of pigments were evaluated in 15 lettuce genotypes, in addition to the soil plant analysis development (SPAD) index and vegetation indices in the visible range. The variability among genotypes was confirmed by the Scott-Knott test (p < 0.05) and multivariate analysis. Linear regressions were obtained between the green leaf index (GLI) and leaf pigments. GLI was a good predictor for estimating the contents of anthocyanin (r = −0.83; r2 = 0.75), carotenoid (r = −0.59; r2 = 0.43), chlorophyll a (r = −0.69; r2 = 0.48), chlorophyll b (r = −0.62; r2 = 0.39), and total chlorophyll (r = −0.77; r2 = 0.65) in red and green mini-lettuce. The high-performance phenotyping technique can be used to evaluate leaf pigments in breeding programs, as well as in crops for monitoring biofortification levels in lettuce.
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1. Introduction


Nutritional deficiency is a serious problem worldwide [1,2], and its main cause is unbalanced diets. Currently, this is the main factor in the global risk of death [3]. In the post-COVID-19 pandemic world, malnutrition will remain one of the main challenges for humanity [4]. These problems have stimulated the population to seek nutritionally rich foods with beneficial effects on human health and longevity [5].



Biofortification is one of the means to nutritionally enrich edible parts of plants and obtain functional foods [6]. The justification for using biofortification in food, since the emergence of the technique, lies in its potential to combat micronutrient deficiencies, which affect a large part of the world population [7]. Thus, the intake of biofortified foods can meet the nutritional requirements of humans [8].



Lettuce (Lactuca sativa L.) is a promising crop for biofortification due to its worldwide popularity [9], being the most produced and consumed leafy vegetable in Brazil. There is a very large variation among commercial cultivars in terms of shape, size, and color [10]. In addition, it is one of the most efficient species in micronutrient absorption [11]. It is considered one of the most important vegetables in human diet and health due to its pleasant taste, nutritional quality, and ease of acquisition, having significant economic importance in Brazil [10]. As lettuce is a food that is increasingly present in the dishes of the population, besides being easy to prepare and low cost, any strategy aiming at enhancing biofortification can result in several health benefits.



Most lettuce varieties used are green in color, but a small group is red due to the presence of anthocyanins [12], whose contents may vary according to environmental and genetic conditions [13]. Anthocyanins and other plant pigments, such as chlorophylls and carotenoids, have a strong antioxidant action and are essential in plant physiology [14].



Research has revealed that anthocyanins, carotenoids, and chlorophylls can prevent the onset of chronic diseases such as cancer or cardiovascular disease, in addition to increasing the immune response [15,16]. In addition to the relationship with physical well-being, these plant pigments promote mental well-being when they are part of a regular healthy diet [17]. Since then, leafy vegetables and colorful fruits have gained greater attention.



Lettuce varieties have significantly different genetic, phenotypic, and commercial characteristics, and nutritional quality is one of the traits with great variability [18,19]. Compositional analysis of each variety is limited. Among the factors that limit the nutritional characterization of lettuce varieties and genetic improvement studies aimed at the selection of nutrient-rich plants are the high cost and the time required to conduct laboratory tests [20].



Studies have shown the potential of vegetation indices calculated from visible spectrum images (RGB) to evaluate photosynthetic parameters in several species [21,22,23,24,25,26]. The use of image phenotyping presented a high correlation with carotenoids and chlorophyll in experiments with green lettuce germplasm from the smooth and curly segments [27] and anthocyanins, chlorophylls, and carotenoids in red lettuce from the smooth and curly segments [20,28]. However, due to the greater complexity, studies evaluating anthocyanins, carotenoids, and chlorophylls by remote sensing in lettuce genotypes with different leaf colors and different typologies are rare, even more so when it comes to mini-type lettuces as proposed here.



Therefore, the objective of this study was to evaluate different vegetation indices for the estimation of anthocyanin, chlorophyll, and carotenoids in mini-lettuce genotypes with different leaf colors and different typologies through red, green, and blue (RGB) images.




2. Materials and Methods


The study was conducted at the Vegetable Experimental Station of the Federal University of Uberlândia (Figure 1), in the municipality of Monte Carmelo (873 m altitude), Minas Gerais, Brazil, from June to September 2019. The climate of the region is tropical, characterized by hot and humid summers and cold and dry winters, according to the Köppen classification.



Thirteen mini-lettuce genotypes of the Biofortified and Tropicalized Lettuce Breeding Program of UFU were evaluated and registered in the software program BG α BIOFORT INPI BR512019002403-6 [29]. The genotypes evaluated were: Purpurita; 2: UFU-215#2#2; 3: UFU-215#3#2;4: UFU-104#1#1; 5: UFU-215#6#5; 6: UFU-215#1#2; 7: UFU-215#7#3; 8: UFU MC MINIBIOFORT2; 9: UFU-215#10#2; 10: UFU-215#13#1; 11: UFU-66#4#2; 12: UFU-66#3#1; 13: UFU-66#8#1; 14: UFU-66#7; 15: Vitória, obtained after hybridization between the cultivars Pira 72 and Uberlândia 10,000, biofortified [30]. Purpurita and Vitória cultivars were used as commercial controls, totaling 15 treatments in the experiment (Figure 1).



Sowing was performed in June 2019 in expanded polystyrene trays with 200 cells filled with a commercial substrate based on coconut fiber. After sowing, the trays remained in an arched greenhouse, with dimensions of 6 m × 5 m × 3.5 m, covered with 150-micron transparent polyethylene film, protected against ultraviolet rays, and with anti-aphid white screen side curtains. Thirty-seven days after sowing (DAS), when the lettuce plant had 4 to 5 leaves, transplantation to the field was performed. The spacing adopted was 0.25 × 0.25 m. The experimental design was randomized blocks, with three replicates of 20 plants, in a total of 45 plots (Figure 1).



The methodological steps for the quantification of leaf pigments of the lettuce genotypes, image processing, and data analysis are presented in the flowchart of Figure 2.



Thirty-two days after transplanting to the field, the flight to obtain the images was carried out using a remotely piloted aircraft (RPA) Phantom 4 Advanced model (SZ DJI Technology Co., Ltd., Shenzhen, China). The parameters used in the flight were: a height of 20 m, longitudinal overlap of 80%, and side overlap of 75%. The flight was carried out automatically with the proprietary software DroneDeploy (DroneDeploy Inc, San Francisco, CA, USA). The Phantom 4 camera (model FC6310) configuration parameters were defined before the mission was carried out, with no possibility of changing them mid-flight. The camera was adjusted in its white balance to the sunny option. The R, G, and B values were not calibrated. The values of spectral sensitivity of the Phantom 4 Pro camera are red (594 ± 32.5 nm), green (532 ± 58 nm), and blue (468 ± 47 nm) [31]. The collected images were processed and orthorectified in Pix4Dmapper software version 1.1.38 (Pix4D SA, Prilly, Switzerland) to generate the orthomosaic.



Two days after collecting the images, the leaf contents of anthocyanins (AT), total carotenoids (CN), chlorophyll a (CA), chlorophyll b (CB), and total chlorophyll (CT) were evaluated. Three leaves from the middle third of the four central plants of each plot were collected and sent to the laboratory. The still-fresh leaves were washed and crushed after removal of the midrib. For AT, a solution composed of 95% ethanol and hydrochloric acid (85:15) was added to the plant tissue. For CN, CA, CB, and CT, an ether solution of oil and acetone (1:1) was added. After 24 h of reaction in the absence of light, the absorbance of the supernatant extract was read in a UV-5100 digital spectrophotometer (Kalstein Co., Paris, France). The wavelengths employed were: 535 nm for AT, 645, 652, and 663 nm for CA, CB, CT, and 470 nm for CN. From the absorbances, the contents of leaf pigments (ug·g−1 of fresh tissue) were calculated according to refs. [32,33,34].



The Soil Plant Analysis Development (SPAD) index was evaluated the morning after the extraction of leaf pigments in the laboratory. Three readings per plant were performed in the four central plants of the plot, thus obtaining the average of the plot. The readings were performed with the chlorophyll meter Minolta SPAD-502 CFL1030 (Konica Minolta Inc., Tokyo, Japan), which measures the transmittance of the leaves in red and infrared wavelengths [35].



In image processing, vegetation indices (Table 1) were tested in the 45 plots for the creation of a mask layer and vegetation segmentation.



The main result of the segmentation process was a binary image (mask layer), where the vegetation was separated from the other objects [43]. This procedure aimed to remove the pixels referring to the background of the image (soil) to better study the behavior of vegetation (Figure 3).



After segmentation, the vegetation indices described in Table 1 were calculated, and the average index of each plot was extracted for analysis of leaf pigment contents by image.



Image analyses were performed in R software version 3.6.3 [44] using the R FieldImageR package [45]. The data were statistically analyzed in R software version 3.6.3 [44]. The statistical significance of the differences in the obtained data was evaluated by the analysis of variance and the F test (p ≤ 0.05), and the means were compared by the Scott-Knott test (p ≤ 0.05) using the R ExpDesp.pt package [46].



Multivariate analyses of genetic dissimilarity between genotypes were based on the Euclidean distance. Genetic dissimilarity was represented by a dendrogram obtained by the hierarchical method of unweighted pair group method with arithmetic mean (UPGMA). The cophenetic correlation coefficient (CCC) was calculated to test the efficiency of UPGMA clustering and the relative importance of the variables was analyzed by the method of Singh [47]. These analyses were performed using the packages R Vegan [48], NbClust [49], and Biotools [50].



Pearson’s correlation matrix was calculated at a 5% significance level between the leaf pigments evaluated in the laboratory, the SPAD index measured in the field, and vegetation indices obtained via remote sensing using the R Hmisc package version 5.0-1 [51].



The vegetation index that showed the highest correlation with leaf pigment contents was used to calculate the models for estimating anthocyanin, carotenoid, chlorophyll a, chlorophyll b, and total chlorophyll.




3. Results and Discussion


3.1. Nutritional Characterization of Mini-Lettuce Genotypes and Confirmation of Genetic Dissimilarity for Leaf Pigments


Based on the analysis of variance (ANOVA), there were significant differences determined by the F test (p ≤ 0.05) among lettuce genotypes for the contents of anthocyanin, carotenoid, chlorophyll a, chlorophyll b, and total chlorophyll. Therefore, the means were compared using the Scott-knott test (p ≤ 0.05) (Figure 4).



The anthocyanin content ranged from 108.7 for UFU-66#8#1 to 937.9 to ug·g−1 of fresh tissue for UFU MC MINIBIOFORT2, biofortified cultivar registered in BG α BIOFORT software [29]. Anthocyanin is strongly correlated with antioxidant activity [52,53,54].



Red lettuce genotypes were generally rich in anthocyanin, except for UFU-215#7#3. This genotype is classified as red but showed anthocyanin content statistically equivalent to that of green genotypes. The behavior of this genotype can be explained by the expression of red and green colors simultaneously in the leaves of the plant (variegate leaves) [55]. This result is in agreement with the fact that anthocyanin is the pigment that gives a red color to leaves [12,15,32,56].



For carotenoids, the variation among genotypes was 45%. The genotypes UFU-215#2#2, UFU-104#1#1, UFU MC MINIBIOFORT2, and UFU-66#4#2 were noticeable, reaching 6.3 ug·g−1 of fresh tissue. In addition to having antioxidant action, carotenoids can exist as various forms of provitamin A that, when ingested, can be converted into vitamin A [57]. Vitamin A deficiency is a public health problem worldwide, being the cause of disorders such as xerophthalmia and increased risk of infectious diseases [57,58]. Thus, lettuce varieties biofortified with carotenoids are desirable. The selection of genotypes with higher contents of vitamin A can be an excellent strategy for their use as commercial varieties, as well as being used in other breeding programs in Brazil and worldwide.



The genotypes UFU-215#2#2 and UFU MC MINIBIOFORT2 showed the highest concentrations of chlorophyll a, chlorophyll b, and total chlorophyll. The chlorophyll concentration in genotype UFU-215#2#2 reached 165.6 ug·g−1 of fresh tissue, while the genotype UFU-66#3#1 had only 40% of this value (59.8 ug·g−1 of fresh tissue). High chlorophyll content can favor their use in the food and pharmaceutical industry, as consumption of chlorophyll-rich vegetables can help prevent obesity and improve glucose tolerance [59]. Chlorophyll has potential health benefits, such as antioxidant, anti-inflammatory, antimutagenic, and anticancer activity [60].



High chlorophyll varieties can also benefit farmers due to the higher photosynthetic capacity of vegetables [61]. Plants with more chlorophyll tend to have a higher photosynthetic rate, but it does not necessarily result in higher biomass accumulation [62]. Lettuce with a color that best pleases and attracts the attention of the final consumer is important to meet the needs of an increasingly dynamic and demanding market [63,64]. In the breeding of lettuce, some research studies aim at varieties with a more intense green color (higher chlorophyll content) and with brightness in their leaves [65,66].



The Euclidean distance between the 15 treatments ranged from 0.67 (UFU-215#3#2 and Vitória) to 7.34 (UFU MC MINIBIOFORT2 and UFU-66#3#1), indicating genetic diversity. The clusters formed in the UPGMA dendrogram (Unweighted Pair Group Method with Arithmetic Mean) (Figure 5) showed a cophenetic correlation coefficient of 0.79 (t-test, p < 0.01). Thus, the dendrogram satisfactorily reflected the matrix data and subsequent clusters.



The number of clusters was established as indicated by most of the indices tested by ref. [67]. Cluster I consisted of six genotypes; among them were the two commercial controls (Purpurita and Vitória). Cluster II comprised eight genotypes (red leaves), which stood out for their high levels of leaf pigments. Cluster III contained the genotype UFU-66#3#1, characterized by low contents of all leaf pigments evaluated (Figure 5).



UFU MC MINIBIOFORT2, a biofortified variety, was grouped in cluster II. As it is a biofortified cultivar, it was suggested that the other genotypes grouped in cluster II are also nutritionally promising.



The relative importance of traits based on the criterion proposed by ref. [47] indicated that anthocyanin was the compound with the greatest contribution to genetic dissimilarity in green and red lettuce germplasm (27.7%), followed by carotenoids (24%) and chlorophyll a (20.1%). The lowest contributions came from chlorophyll b (16.3%) and total chlorophyll (14%).




3.2. Segmentation of Plants for RGB Images


The application of images obtained with remotely piloted aircraft (RPA) in agriculture depends on image processing to extract the appropriate information to achieve the desired objectives [43]. For lettuce analysis, the process of vegetation segmentation or background removal should be the initial step to achieve the objective. This process is easily accomplished using multispectral cameras. However, the use of multispectral cameras for RPA has the disadvantage of the high cost, while RGB sensors are low cost and favor the adoption of the technology. Thus, it was necessary to develop a method to perform the segmentation of red and green lettuce in an automated way using RGB images.



After calculating the vegetation indices described in Table 1, the distribution of the values of each index in pixels was analyzed by means of histograms (Figure 6).



HUE (overall hue index) was the index that best discriminated against the soil of green and red lettuces (Figure 6). In the HUE histogram, there were two extremes in the distribution of the digital number values of the pixels. The first extreme was related to the plants, and the last, with a greater number of pixels, to the soil, confirming the need for segmentation. In an experiment with different types of vegetation cover, it was observed that HUE contrasted the vegetation against the non-plant elements in the image [68].



To create the mask layer, a cutoff value of 1.52 in the HUE index was determined. Pixels with a HUE index above the cutoff value were counted for the mask layer referring to the soil. This cutoff value in the HUE index promoted excellent vegetation segmentation.



The procedure of removal of the image background (soil) was important to reduce noise in the analysis of leaf pigments and improve the reproducibility of image analysis.




3.3. Validation of High-Performance Phenotyping for Red and Green Lettuce Genotypes


Of the vegetation indices (Table 1) analyzed for segmentation (Figure 6), the five with the highest standard deviation were selected after removing the pixels from the image referring to the soil. The indices selected were: brightness index (BI), green leaf index (GLI), normalized green/red difference index (NGRDI), soil color index (SCI), and spectral slope saturation index (SI).



The quantification of anthocyanin, carotenoid, chlorophyll a, chlorophyll b, and total chlorophyll in the 15 treatments of red and green lettuce required 18 h and a team of four people (72 h of work), with consumption of 1.8 L of high-cost and dangerous reagents for the RPA. On the other hand, the SPAD Index measurement with the SPAD-502 chlorophyll meter was performed in 2.5 h by two people, reducing the evaluation time by 93%. For high-performance phenotyping, a single person carried out all processes in just one hour of work, which is equivalent to 98.6% and 77.8% in time savings to evaluate leaf pigments compared to quantification by the standard method and SPAD index, respectively. Thus, the high-performance phenotyping method drastically reduced time and costs with anthocyanin, carotenoid, and chlorophyll analyses.



Strongly correlated characteristics allow indirect selection using the one with the simplest measurement [69,70]. Thus, to verify the possibility of selecting leaf pigment-rich genotypes of red and green lettuce from vegetation indices calculated in RPA images, the correlation matrix between the traits was calculated (Figure 7).



Leaf pigments in red and green lettuces were correlated with all indices evaluated (p ≤ 0.05), indicating that anthocyanins, carotenoids, and chlorophylls can be evaluated indirectly by vegetation indices obtained via remote sensing.



The correlations showed that as the BI, GLI, NGRDI, and SI increased, the content of leaf pigment decreased (Figure 7). However, the vegetation indices were expected to increase with increases in the contents of chlorophyll, the pigment responsible for green color. Additionally, a reduction in the spectral response in the green band was observed with increasing contents of carotenoids in red lettuce germplasm [20]. In an experiment with several plant species, it was concluded that green reflectance is reduced in plants that had high concentrations of anthocyanin [71]. Therefore, red lettuce genotypes may have influenced the results. Nevertheless, high correlations were observed between these indices and the pigments in green and red lettuces, which indicates that the models generated in this work can be applied to different types of lettuce.



Anthocyanin, the pigment that most contributed to genetic diversity, was highly correlated with the vegetation indices evaluated, mainly BI and GLI (both −83%). GLI also stood out with high correlations with carotenoids (−62%), chlorophyll a (−69%), chlorophyll b (−62%), and total chlorophyll (−77%).



High correlations were also observed between leaf pigments and the SPAD index. Several studies confirmed that SPAD indirectly expresses the contents of chlorophyll and carotenoid in the leaf [72,73,74]. However, although chlorophyll meter measurements can be used to evaluate leaf pigments, this method is still time-consuming and is subject to several technical problems in field evaluations.



It is worth pointing out that anthocyanins, carotenoids, and chlorophylls showed significant positive correlations among themselves. This indicates that, in red and green lettuce, the analysis of these leaf pigments can be carried out concurrently. After analyzing Figure 8, the similarity between the behavior of pigments quantified by the traditional method (laboratory) and that estimated by the high-performance phenotyping method (GLI vegetation index) becomes evident.



High-performance phenotyping made it possible to evaluate each plant individually with a reduction of time and cost, while in the traditional method, only the average content of each pigment was obtained for the plot. In addition, the technique that uses RPA images is non-destructive, which is important for the advancement of generation in breeding programs of this vegetable, as well as for the commercialization of plants in commercial crops.



Several studies have demonstrated the influences of environmental conditions, such as temperature, fertility, soil moisture, and mainly light, in addition to genetic factors, on the accumulation of phytopigments [75,76,77,78,79]. Thus, a lettuce cultivar may show different concentrations of these compounds depending on the environment in which it is grown. Given this and the efficiency of high-performance phenotyping in discriminating levels of leaf pigment contents, the use of this technique in large-scale crops is also proposed. Therefore, the tool can be useful for breeders in breeding programs aiming at biofortification, but also for horticulturalists and the public sector in order to monitor the levels of anthocyanins, carotenoids, and chlorophylls in crops using RPA.



To enable the quantification of leaf pigments by image, prediction models were generated (Table 2). The linear regression equations were fitted to the average response variable of the GLI vegetation index.



The GLI vegetation index based on RPA was a good predictor for estimating leaf pigment content in red and green lettuce. Regression analysis indicated that the carotenoid and total chlorophyll contents could be predicted using RPA-based GLI with only ±11% and 16% difference according to the root mean squared error, respectively. For anthocyanin and chlorophyll b, this difference was ±34% and 41%, respectively.





4. Conclusions


Despite the existence of a wide genetic variability of leaf colors in mini-lettuce, the vegetation indices showed strong power to estimate anthocyanin, carotenoids, and chlorophyll pigments.



The GLI vegetation index stood out, being a good predictor of leaf pigment contents in field experiments with mini-lettuce of different leaf colors.



To explore the efficiency of the GLI vegetation index in other studies, the R2 and RMSE values obtained for each pigment should be considered. In this study, the R2 and RMSE ranged from 0.39 to 0.75 and 0.6 to 134.4, respectively.



Additionally, it should be emphasized that the correlations between pigments and GLI were negative, ranging from moderate to strong (r = −0.83 to −0.62).



High-performance phenotyping obtained by remotely piloted aircraft can be used to characterize nutritional aspects in lettuce, either from a germplasm bank with wide genetic variability or in commercial crops.
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Figure 1. Location of the experiment: municipality of Monte Carmelo, Minas Gerais, Brazil (A) and distribution of red and green mini-lettuce genotypes in the field. 1: Purpurita; 2: UFU-215#2#2; 3: UFU-215#3#2; 4: UFU-104#1#1; 5: UFU-215#6#5; 6: UFU-215#1#2; 7: UFU-215#7#3; 8: UFU MC MINIBIOFORT2; 9: UFU-215#10#2; 10: UFU-215#13#1; 11: UFU-66#4#2; 12: UFU-66#3#1; 13: UFU-66#8#1; 14: UFU-66#7; 15: Vitória (B). 
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Figure 2. Flowchart of the stages of acquisition and processing of images, quantification of leaf pigments, and data analysis in red and green mini-lettuce germplasm. 
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Figure 3. Segmentation of the mini-lettuce genotype vegetation. In the mask layer, value 0 refers to vegetation and value 1 refers to soil. 






Figure 3. Segmentation of the mini-lettuce genotype vegetation. In the mask layer, value 0 refers to vegetation and value 1 refers to soil.



[image: Agronomy 13 01403 g003]







[image: Agronomy 13 01403 g004 550] 





Figure 4. Contents of anthocyanin, carotenoid, chlorophyll a, chlorophyll b, and total chlorophyll of 15 genotypes of red and green mini-lettuce from the UFU breeding program. 1: Purpurita; 2: UFU-215#2#2; 3: UFU-215#3#2; 4: UFU-104#1#1; 5: UFU-215#6#5; 6: UFU-215#1#2; 7: UFU-215#7#3; 8: UFU MC MINIBIOFORT2; 9: UFU-215#10#2; 10: UFU-215#13#1; 11: UFU-66#4#2; 12: UFU-66#3#1; 13: UFU-66#8#1; 14: UFU-66#7; 15: Vitória. Bars not sharing similar letters differ from each other by the Scott-Knott test at a 0.05 significance level. 
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Figure 5. Dendrogram of genetic diversity among 15 mini-lettuce genotypes of red and green types, obtained by the average group linkage method—UPGMA. I, II, and III: clusters established. 
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Figure 6. Histograms of distribution and frequency of pixels found for the visible range and vegetation indices in 15 red and green mini-lettuce genotypes. 
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Figure 7. Correlation matrix (Pearson’s r) for leaf pigments, SPAD index and vegetation indices in red and green mini-lettuce. Significant correlations by Pearson’s test at 5% are presented in shades of blue (positive) and red (negative). AT = anthocyanin; CA = chlorophyll a; CB = chlorophyll b; CT = Total chlorophyll; CN = carotenoids; SPAD = SPAD index; BI = brightness index; GLI = green leaf index; NGRDI = normalized green/red difference index; SCI = soil color index; SI = spectral slope saturation index. 
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Figure 8. Maps of anthocyanin (AT), carotenoid (CN), chlorophyll a (CA), chlorophyll b (CB), and total chlorophyll (CT) contents quantified in the laboratory (A) and leaf pigment content from the GLI vegetation index of 15 mini-lettuce genotypes (B). 
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Table 1. Vegetation indices evaluated for phenotyping in red and green mini-lettuce genotypes of UFU.
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	Vegetation Index
	Equation 1
	References





	Brightness Index (BI)
	√((R2 + G2 + B2)/3)
	[36]



	Blue Green Pigment Index (BGI)
	B/G
	[37]



	Green Leaf Index (GLI)
	(2G − R − B)/(2G + R + B)
	[38]



	Primary Colors Hue Index (HI)
	(2 × R − G − B)/(G − B)
	[39]



	Overall Hue Index (HUE)
	atan (2 × (B − G − R)/30.5 × (G − R))
	[39]



	Normalized Green/Red Difference Index (NGRDI)
	(G − R)(G + R)
	[40]



	Soil Color Index (SCI)
	(R − G)/(R + G)
	[41]



	Spectral Slope Saturation Index (SI)
	(R − B)/(R + B)
	[39]



	Visible Atmospherically Resistant Index (VARI)
	(G − R)/(G + R − B)
	[42]







1 R = red band; G = green band; B = blue band.













[image: Table] 





Table 2. Regression models for estimating leaf pigments in red and green mini-lettuce from the GLI vegetation index.
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	Leaf Pigment (ug·g−1)
	Model
	R2
	p-Value
	RMSE





	Anthocyanin
	Y = −1205.23 GLI + 360.68
	0.75
	***
	134.4



	Carotenoid
	Y = −2.888 GLI + 5.3251
	0.43
	***
	0.6



	Chlorophyll a
	Y = −52.282 GLI + 62.67
	0.48
	***
	26.4



	Chlorophyll b
	Y = −50.072 GLI + 37.959
	0.39
	***
	10.6



	Total chlorophyll
	Y = −143.23 GLI + 116.666
	0.65
	***
	27.0







*** p ≤ 0.001. R2 = Coefficient of determination; RMSE = Root Mean Squared Error.
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