
©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 19 (3): gmr18646 

 

 

Digital phenotyping of winter squash fruits  
R. Machado Junior¹, R.S. Gomes², C.F. de Almeida¹, V.Q. Carneiro

3
, 

R.L. de Oliveira
3
, R.D.F. Laurindo², G.M. Maciel

4 
and D.J.H. da Silva² 

 

1
 Departamento de Genética e Melhoramento, Universidade Federal de 

Viçosa, Viçosa, MG, Brasil 
2
 Departamento de Fitotecnia, Universidade Federal de Viçosa, Viçosa, MG, 

Brasil  
3
 Departamento de Biologia, Universidade Federal de Lavras, Lavras, MG, 

Brasil  
4
 Instituto de Ciências Agrárias, Universidade Federal de Uberlândia, Monte 

Carmelo, MG, Brasil 

 
Corresponding author: R. Machado Junior 

E-mail: ronaldo.juniior@ufv.br 
 

Genet. Mol. Res. 19 (3): gmr18646 

Received March 24, 2020 

Accepted August 31, 2020 
Published September 30, 2020 

DOI http://dx.doi.org/10.4238/gmr18646 

 
ABSTRACT. Winter squash (Cucurbita moschata) has great importance 

as a food. Brazil has a wide genetic variability of squash; most of this is 

conserved in germplasm banks. The Vegetable Germplasm Bank of the 

Federal University of Viçosa (BGH-UFV) includes more than 350 

accessions of squash; however, this germplasm is still little used. 

Characterization of accessions requires time, labor, and financial 

resources. Image-based, high-quality and large-scale phenotyping is a 

promising alternative tool. We propose digital phenotyping of C. 

moschata germplasm fruit. To achieve this, we evaluated 466 fruits from 

148 accessions of squash from BGH-UFV and four checks. After 

longitudinal cutting, the fruits were evaluated on the basis of their length, 

diameter, and internal cavity dimensions. An image of every fruit was 

also obtained. Digital measurements were made using the software 

FENOM. The comparison between manual and digital forms of fruit 

evaluation was carried out with the software GENES. The comparisons 

were based on the analyses of simple linear regression, bias, the 

coefficient of Pearson correlation, the index of concordance, the index of 

performance, the efficiency of the method, the absolute average error, 

and the absolute maximum error. The evaluations based on images had 

high concordance (>0.93), almost perfect correlation (>0.99), and a 
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performance classified as excellent (>0.92), in the evaluation of all the 

descriptors, when compared to manual measurements. We conclude that 

phenotyping of winter squash fruits based on digital images is promising 

for the characterization of C. moschata accessions, resulting in an 

efficient evaluation. 

 
Key words: Phenomics; Characterization; Cucurbita moschata 

INTRODUCTION 
 
Winter squash is a vegetable/fruit with high socioeconomic significance, as it is 

used for several purposes in industry, as feeding and in medicine (Resende et al., 2013; 
Oliveira et al., 2016; Machado Junior et al., 2017; Gomes et al., 2020a). Brazil is an 

important holder of the genetic variability of C. moschata (Ferreira et al., 2016; Gomes et 
al., 2020a; Gomes et al., 2020b). Around 2,700 accessions are preserved ingermplasm 
banks. The Vegetable Germplasm Bank at Federal University of Viçosa (BGH-UFV) 

maintains 400 accessions of this species (Silva, 2001). However, much of this germplasm 
has not been characterized yet, due to the large numbers and onerosity of manual 
evaluation. The complexity of manual germplasm characterization has also made it difficult 

to select germplasm as potential parents for crosses as well as or selection of promising 
segregating populations. 

Despite the simplicity of this traditional technique, it requires time, labor, and 
financial resources, along with high potential for experimental errors. The evaluation of 
plant germplasm through images is potentially a more accurate and faster alternative than 

traditional techniques. The shape of the fruit has been widely studied (Fischer et al., 2015; 
Fischer et al., 2016; Priori et al., 2018). This fact demonstrates the relevance in the search 
for new optimizing alternatives. 

Several studies have shown the potential use of digital images to characterization, 
identification, classification and grading of fruits (Behera et al., 2020). There are reports of 
the success in passion fruit's (Sidehabi et al., 2018), persimmon (Maeda et al., 2018), 

papaya (Cortes et al., 2017), tomatoes (Zaborowicz et al., 2017), orange (Rashidi et al., 
2009), melon (Khojastehnazhand et al., 2009), watermelon (Koc, 2007), etc. However, 

digital imaging techniques to characterize winter squash germplasm have not been reported. 
Based chiefly on the use of images, the term „phenomics‟ has been associated with 

the optical analysis of plant characteristics (Walter et al., 2015). This methodology provides 

a large amount of data in a relatively short period of time compared with conventional 
methods (Sousa et al., 2015), besides allowing image data storage for future use. The 
evaluation of winter squash germplasm based on images is still sparsely explored. Thus, our 

objective is to promote digital phenotyping of winter squash germplasm fruits. The 
objective of this work was to test the use of digital phenotyping to characterize winter 

squash fruits. 

MATERIAL AND METHODS 
 
The experiment was conducted at the Federal University of Viçosa, Minas Gerais, 

Brazil (200 45‟14‟‟ S, 420 52‟53‟‟ W e 648,74 m), from January to July 2017. We 
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evaluated 148 accessions of C. moschata kept in the BGH-UFV, commercial hybrids 
Tetsukabuto and Jabras, and  cultivars Jacarezinho and Maranhão, totaling 466 fruits. This 
germplasm was also evaluated in terms of morphoagronomic and nutritional variability by 

Gomes et al. (2020b). Fruits were cut longitudinally and evaluated for length (LF) and 
diameter (DF) as determined by longitudinal and transverse measurements, respectively; 
and length (LIC) and diameter of internal cavity (DIC) as determined by longitudinal and 

transverse measurements of internal cavity, respectively (Figure 1). 
 

 
Figure 1. Manual measurement of winter squash fruits: (A) length of fruit (LF); (B) diameter of fruit (DF); (C) 

length of internal cavity (LIC); (D) diameter of internal cavity (DIC). 

 
After identification, fruits were submitted to manual evaluation and photographed. 

A photographic studio with adequate dimensions was built to obtain high quality and 

standardized images. The studio was comprised of a structure in the format of a cube and 
had a capacity of 1.0 m³ (Figure 2). The superior part and a section of the lateral part of the 
studio with dimensions 0.9 x 0.7 m was kept open. The lateral part was covered with a 

failete-white fabric for diffusing light. Reflectors with led lamps (12 w) were placed 
opposite to the lateral section. Reflectors were set up on a base 0.3 m high at a 90-degree 
angle and 0.5 m from the studio, allowing a uniform distribution of light in all directions 

and preventing shadow formation. 
 

 
Figure 2. Studio used for the acquisition of images of winter squash fruits for morphoagronomic characterization. 

 
The lower surface of the studio had a dimension of 1.0 m

2 
and was painted black. 

Reference images on a blue-white grid, with dimensions 10 x 10 cm, were set in four lower 
corners of the studio (Figure 3.A). The three-dimensional representation of this studio is 
available at www.fenomica.com.br. The reference images (Figure 3.B) were used to identify 

the dimensions of every pixel in the images. With this information, a pixel-to-distance 
conversion factor was determined. The conversion factor was 0.0269 cm and was used to 
calculate the actual distance between two points on the fruit represented in the image. 
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Figure 3. Studio‟s details used to acquire the digital images of fruits for morphoagronomic characterization: A- 
Lower surface of the studio used for the acquisition of images. B- Reference image used in the lower surface of 

the studio.  

 
A digital camera (Sony Cyber-Shot DSR-WX350) was used for acquisitions. The 

camera resolution was standardized with ISO 100, F 3.5, size 3664 x 3664 pixels, resolution 
350 x 350 dpi, 24-bit intensity, flash off, and sRGB color representation. The images were 

saved in JPEG format. The fruits were positioned in the center of the camera‟s view field 
and the camera was affixed 1 m from the lower surface of the studio. 

Imagens were assessed using FENOM software, developed with the help of the 

library of digital processing of images of MATLAB, available at www.fenomica.com.br. 
This software relied on procedures for real-time acquisition, preprocessing, segmentation, 
and measurement of images. In this study, we used the procedure of measuring distances 

between points established by the user (Figure 4). 
 

 
Figure 4. Digital assessment of the fruit: Length of fruit (segment from point 1 to 4); diameter of fruit (segment 

from 5 to 8); length of internal cavity (segment from 2 to 3); diameter of internal cavity (segment from 6 to 7). 

http://www.fenomica.com.br/
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The time spent was timed in both types of evaluation, where each fruit represents an 
experimental unit and the treatments were the two methods of phenotyping. The 
measurements obtained manually and those obtained from the digital images were 

compared to evaluate the efficiency of phenotyping across methods. This comparison was 
made with the help of the software for analysis in experimental statistics - GENES [version 
1990.2018.17(Cruz, 2013)]. The following reliability measures were adopted: 

(i) Angular coefficient (β) and coefficient of determination (R
2
) of the simple 

linear regression, model: 
 

                                              (Eq. 1) 
 

where: Y is the value obtained from the image analysis, β is the angular coefficient, and X 
corresponds to the values obtained from the manual measurement. The β value was tested 

by the t test, with α ≤ 0.05, whose hypotheses were:  and  
(ii) Bias   

 

                                         (Eq. 2) 
 

(iii) The correlation of Pearson  
 

                                (Eq. 3)  

 

where n corresponds to the number of fruits evaluated;  corresponds to the ith value 

obtained with manual measurement;  represents the ith value observed from the image 

analysis;  corresponds to the average values obtained by manual measurement; and  to 
the average values observed from the image analysis. The classification of the correlation of 

Person proposed by Hopkins (2000) is presented in Table 1. 
 

 

Table 1. Classification of the coefficient of correlation of Pearson (r), proposed by Hopkins (2000). 

 

Coefficient of correlation “r” Classification 

0.0 to 0.1 Very low 
0.1 to 0.3 Low 
0.3 to 0.5 Moderate 
0.5 to 0.7 High  
0.7 to 0.9 Very high 
0.9 to 1.0 Almost perfect 

 

(iv)  Concordance   index  proposed by Willmott et al. (1985) 
 

 

                            (Eq. 4) 

 

 

(iv) Performance index  proposed by Camargo and Sentelhas (1997) 
 

                                                (Eq. 5) 
 

whose criteria of interpretation are presented in Table 2. 
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Table 2. Criteria of interpretation of the performance index “c” proposed by Camargo and Sentelhas 

(1997). 

 

Values of “c” Performance  

> 0.85 Excellent 
0.76 to 0.85 Very good 
0.66 to 0.75 Good 
0.61to 0.65 Medium 
0.51 to 0.60 Reasonable 

0.41 to 0.50 Poor 
≤ 0.40 Very poor 

 

(vi) Method efficiency (EM) proposed by Zacharias et al. (1996) 
 

                                    (Eq. 6)  

 

(vii) Absolute average error (EAE) 
 

                                        (Eq. 7) 
 

 

(viii) Absolute maximum error (EME) 
 

                                     (Eq. 8) 

RESULTS AND DISCUSSION 
 
Considering groups of 20 fruits, the mean time to obtain the manual measurements 

was one hour and for the digital measurements was 40 minutes. For the manual evaluation, 
the time spent was about 3 minutes per fruit, requiring two people to perform the activity; 
one of them performs the evaluation and the other annotates the results. In most cases these 

are recorded in field notebooks, with the need for these results be recorded to the computer 
for future statistical analysis. There is great manipulation of the results, which it can favor 

annotation and typing errors. 
The total time spent by phenotyping using images is 2/3 of the manual method, 

being performed by only one person through computational software with minimal 

manipulation of results, since the data is already recorded automatically. In cases where it is 
necessary to perform fruit evaluation in a short period of time, it becomes more efficient, 
since it is possible to identify and acquire the images with less than one minute per fruit, 

allowing the images to be stored for future evaluation, or implement automated phenotyping 
techniques. Results are similar to those obtained by Cortes et al. (2017), who reporte that 
phenotyping using digital images was three times faster than the manual option. 

The values of correlation of Pearson were higher than 0.9973 for all the 
characteristics evaluated. According to Hopkins (2000), this indicates a correlation that is 

almost perfect; that is, there is a high degree of linear association between the two 
methodologies of evaluation. The good consistency between the two methodologies is very 
important; it allows one to generate information faster and is useful to improve harvesting, 

storage, packaging, transportation and commercialization activities (Cortes et al., 2017). 
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The results of the method of index efficiency proposed by Zacharias et al. (1996), confirms 
an agreement between the results from the two methods studied, with values close to 1 
(Table 3). 

 
 

Table 3. Coefficient of Pearson correlation (r), concordance index (d), performance index (c) and the 
efficiency of the method (EM) for the comparisons between the measurements of winter squash fruits 

obtained manually and the measurements from the image analysis. 

 

Descriptors r d c EM 

Length of fruit 0.9981  0.9748 0.9730  0.8845 
Diameter of fruit 0.9986 0.9322 0.9309 0.6388 
Length of internal cavity 0.9973 0.9762 0.9736 0.8889 
Diameter of internal cavity 0.9979 0.9313 0.9292 0.6448 

 
The values of the concordance index proposed by Willmott et al. (1985), were 

higher than 0.9313 (Table 3). This index varies from zero, when there is no concordance, to 
one, when there is perfect concordance. Moreover, according to the criteria used by these 
authors, this indicates an excellent accuracy between the methods confronted. Results 

similar to these were obtained by Adami et al. (2008), and Martin et al. (2013), which 
concluded that the evaluation of the leaf area by digital images is an alternative to the 
traditional method, allowing for a more precise measurement of these characteristics. 

The values of the performance index were higher than 0.9292 for all the 
characteristics and according to Camargo and Sentelhas (1997), this indicates that the 

evaluation of fruits based on images had an excellent accuracy of measurement. Therefore, 
it might be assumed that the evaluation of fruits based on images was equivalent to manual 
evaluation (Table 3). Similar results were found when estimating the leaf area of cotton, 

cashew, soybean, and corn, based on linear measurements and dry matter of leaves, with 
previous calibration of the digital images (Ramos et al., 2015). The method‟s efficiency 
indicated high precision between the manual and digital measurements of the morphological 

characteristics, ranging from 0.6388 to 0.8889. These results show that phenotyping using 
images is accurate and can be used to replace traditional methodology. 

The analysis of the Coefficient of Pearson correlation, concordance index, and 

indices of performance and efficiency of the method are frequently used to verify the 
similarity between two or more methodologies. This approach was used for comparing 

different phenotyping methods in soybean, where the new method had values similar to the 
usual method (Machado Juniorr, et al 2018). This approach has also been used for 
estimating parameters such as the reference evapotranspiration (Pereira et al., 2009; 

Bragança et al., 2010; Tagliaferre et al., 2012; Cunha et al., 2013) and leaf area (Adami et 
al., 2008; Martin et al., 2013). 

The estimates of the angular coefficient of regression differed significantly from 1 

by the t test (α ≤ 0.05) for all the descriptors (Figure 5). This indicates that the values 
observed in these characteristics, based on images, did not follow the ratio 1:1 in relation to 

the values obtained from the manual evaluation. The models obtained for each characteristic 
adjusted with a coefficient of determination higher than 93% (Figure 5), corroborating the 
values of correlation observed in Table 3. Similar results were found in studies involving 
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the estimation of the volume of fruits in other Cucurbitaceae based on the analysis of digital 
images (Rashidi et al., 2009; Koc 2007). 

It was observed that the averages obtained from the analysis of images resembled 

those obtained manually, showing a slight increase (Table 4). The positive values of bias, 
ranging from 0.11145 to 0.2324 corroborate this result, indicating that the evaluation based 
on images led to a slight overestimation in the measurements of the characteristics (Table 

4). 
 

 
Figure 5. Dispersion of data obtained for the methodologies used in the measurement of winter squash fruits: (x) 

manual evaluation and (y) analysis based on digital images: (A) Length of fruit; (B) diameter of fruit; (C) length 

of the internal cavity, and (D) Diameter of the internal cavity. 

 
 

Table 4. Values of averages obtained from the manual evaluation and from the analysis of images in the 

characterization of fruits of winter squash accessions. Value of bias (Bias), absolute average error (AAE) 

and absolute maximum error (AME). 

 

Descriptors  
Averages (cm) 

Bias  AAE (cm) AME (cm) 
Manual Digital 

Length of fruit  23.09 25.17 0.1145 2.29 8.81 
Diamter of fruit 15.76 17.53 0.2324 1.84 6.31 
Length of internal cavity 13.62 14.82 0.1379 1.40 7.39 
Diameter of internal cavity 10.23 11.37 0.1920 1.19 4.42 
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Estimates of the absolute average error had a low magnitude ranging from 1.19 to 
2.29 cm and the absolute maximum error ranged from 4.42 to 8.81 cm (Table 4). The 
estimates of errors increased at increasing the dimensions of the characteristics evaluated. It 

was possible to identify lower rates of absolute average error and absolute maximum error 
for the diameter of the internal cavity, 1.19 and 4.42 cm, respectively. On the other hand, 
higher values of AAE (2.29 cm) and AME (8.81 cm) were observed for the length of the 

fruit. These higher estimates of errors were expected, considering that different people 
performed manual evaluations. The high estimates of AME are associated with fruits that 
have great morphological deformation (Figure 6), where it is difficult to maintain the same 

pattern between the two methods of phenotyping. 
 

 
Figure 6. Morphologic variation observed in the evaluation of fruits of accessions of winter squash. 

 
Studies involving measurements of fruits of papaya, orange, melon and watermelon 

by means of digital images also obtained low error for the characteristics diameter and 

length, showing that the measurements obtained with the use of digital images were similar 
to those measured manually (Koc, 2007; Khojastehnazhand et al., 2009; Rashidi et al., 

2009; Cortes et al., 2017). 
Variations between values in the two methodologies may have occurred due to the 

large number of fruits evaluated and a considerable morphological variability among the 

fruits (Figure 7). In this study, we evaluated 466 fruits from 148 accessions of C. moschata 
kept in the BGH-UFV , the commercial hybrids Tetsukabuto and Jabras and the cultivars 
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Jacarezinho and Maranhão, which have fruits that can be classified in seven different 
classes. When evaluating the length and diameter of fruits in papaya, based on digital 
images, Cortes et al. (2017) obtained estimates of error equal to zero; however, they used 

only 50 fruits previously selected from the cultivar THB, which suggests fruits with great 
uniformity. 

Another source of variation that may have contributed to the differences between 

the two methodologies is that the model used did not consider the variation in the distance 
between the photographic camera and the upper surface of the fruits which was altered 
according to the diameter of the fruit. This distance is inversely proportional to the diameter 

of the fruit. This type of variation was observed in a study involving the estimation of the 
volume of fruits of watermelon based on digital images (Koc, 2007). According to this 

author, the measures of volume were overestimated as the size of fruits increased. This 
problem can be solved by implementing methods of image processing as well as by 
adopting more complex algorithms capable of correcting this variation in the size of fruits 

(Khojastehnazhand et al., 2009). Another alternative to improve the acquisition of accurate 
images is by implementing a device that allows the adjustment of distance between the 
surface of the fruits and lens of the camera, so that the distance remains fixed regardless of 

the size of the fruit. 
Considering that the evaluation of vegetable germplasm, in many cases is subject to 

errors of measurement, typing, and loss of information, the analysis based on digital images 
represents a promising approach for assisting this activity and can lead to a more efficient 
identification of superior genotypes. In addition, the acquisition and evaluation of plant 

germplasm in breeding programs provides advantages, allows storing of images for later 
use, and reduces the risk of human errors, by automating the process (Koc, 2007; 
Khojastehnazhand et al., 2009; Rashidi et al., 2009; Martin et al., 2013; Cortes et al., 2017). 

Easy implementation method, low cost, the images are captured with a conventional 
camera, which is simple, cheap and easy to handle. In addition, this methodology can be 
extrapolated to other crops and several variables (rind and pulp thickness, rind and pulp 

color, area and leaf volume, root and fruit estimates) and the images can be stored in a 
computer for later analysis, reduce workforce and time spent. 

The expectation is that this technique will allow us to expand investigations, 
conducting phenotypic evaluation quickly and accurately, contributing to studies of genetic 
improvement. According to Cortes et al. (2017), image-based phenotyping can be used to 

facilitate genome-wide selection (GWS), genome-wide association studies (GWAS) and 
marker-assisted selection (MAS). 

CONCLUSIONS 
 
Fruit phenotyping based on digital images represents a promising alternative to 

characterize winter squash germplasm. This technique provided greater efficiency and high 

correlation manual evaluations. 
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