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Article 
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(I.J.P.)  

Abstract: The continued success of any conventional sweet potato breeding program is limited to knowledge 

of the inheritance of the traits studied, such as flesh color and tuberous root shape, because it is difficult to 

fractionate color frequencies by visual separation. The objective was to understand the mode of inheritance of 

these genetic traits. The crossing blocks were established at the Research Institute of Tropical Roots and Tuber 

Crops (INIVIT-Cuba). Eight parental genotypes of known compatibility were selected, with contrasting 

phenotypic characteristics to develop segregating populations. To express color objectively, the CIE L*a*b* 

color space was used (L*: luminosity; a* and b*: chromatic coordinates), in addition, four morphometric 

variables associated with the shape and dimensions of the tuberous roots were evaluated. From 2419 reciprocal 

crosses, 2045 botanical seeds and 1764 seedlings were obtained. Incomplete dominance of the white and purple 

flesh colors over the orange color was observed, as well as transgressive segregation for purple, orange and 

white flesh colours, and for the shape of the tuberous roots. The results allowed to propose a genetic model of 

biparental crosses to improve the flesh color of I. batatas, as well as a predictive formula of the progenies to be 

selected. 

Keywords: breeding; crosses; dominance; flesh color; inheritance; segregation  

 

1. Introduction 

For the first time in the history of biology, Gregor Mendel subjected biological phenomena to 

high numerical rigor, with a solid mathematical and statistical basis. Mendel created a predictive 

theory based on the species Pisum sativum L. (2x), and with it a whole new field of science, “Genetics”. 

Mendel’s work is considered “one of the triumphs of the human mind” [1,2].  

Sweet potato (Ipomoea batatas [L.] Lam.) is a hexaploid species (2n=6x=90), with basic number 

x=15 [3]. The mode of inheritance (allo or autopolyploid) is of great importance in population genetic 

studies of I. batatas. The most recent molecular studies consider that sweet potato is an 

autoallopolyploid, with some preferential pairing during meiosis [4] and autopolyploid [5].   

Linkage map studies have shown that sweet potato follows the polysomic inheritance route [4,6]. 

The following models have been suggested: disomic, tetrasomic, tetradisomic and hexasomic in I. 

batatas [6,7], so the genetics of simple traits is more complex with up to six alleles per locus. In a 2x 

species and the simple case of one locus and biallelism, there are three genotypes: AA, Aa and aa and 

seven possible genotypes for an autohexaploid (A6, A5a, A4a2, A3a3, A2a4, Aa5, a6) [8]. At 6x within the 
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allele frequency range of approximately q = 0.2 to q = 0.8, the frequency of heterozygosity remains > 

0.75 [9], which means that heterozygous genotypes occur at much higher frequencies.  

Recently, few investigations related to the phenotypic segregation of I. batatas have been 

developed. The main characters studied have been the shape of the leaf [10,11], color of the stem 

[12,13], shape of the tuberous roots [14] and color of the skin and flesh of the tuberous roots [11,15] 

The most studied trait has been the color of the flesh of tuberous roots, due to its importance for 

consumers. The color (white, cream, orange, yellow and purple) is generally influenced by the level 

of metabolites found in tuberous roots [16]. Orange sweet potatoes present β-carotene (carotenoid) 

as the main compound [17]; on the other hand, purple sweet potatoes have bioactive compounds 

such as phenolic acids, flavonoids and anthocyanins in their chemical composition [18]. These 

phytochemicals have antioxidant properties with numerous health benefits and may present 

antibacterial, antitumor, antiviral, antimutagenic activity, in addition to acting as cardioprotective 

agents [19]. Furthermore, frequent consumption of foods with significant amounts of these 

antioxidants can reduce the risk of developing degenerative diseases, such as some types of cancer, 

and contributes to the delay of cellular aging [20].  

Despite multiple studies on the inheritance of the color of the tuberous roots of I. batatas, there 

is inconsistency about the genetics that govern this trait [9,21], mainly because there are no 

homozygous genotypes due to their homomorphic multiallelic self-incompatibility of the 

sporophytic type [22]. In addition, the difficulty of fractionating color frequencies in sweet potato 

(between cream and yellow tones and between different intensities of red) by visual separation has 

been reported [11,23]. Currently, to avoid inconsistencies and to express color objectively (numerical 

terms), different color spaces are used, including the CIE L*a*b* (L*: lightness; a* and b*: chromatic 

coordinates). [15] studied the segregated color of sweet potato flesh using the CIE L*a*b* color space, 

took into account only one combination (cream flesh x yellow flesh). None of the previous research 

on this topic considered the purple-fleshed genotypes of I. batatas in their different possible cross-

breeding combinations; this is due to its relatively recent discovery [24]. In addition, tuberous roots 

shape has not been investigated using professional software for digital image analysis.  

Genetic improvement of sweet potato is the main way to maintain its constant genetic gain, 

focused on obtaining superior genotypes. Hybridization to generate segregating populations and 

select new genotypes has allowed to increase the average yield, the content of carotenes and 

anthocyanins, improve stability and adaptability, and tolerance to some pests (Cylas formicarius Fab., 

Typophorus nigritus F. and nematodes), allowing for greater adoption of new varieties [25]. The 

continued success of genetics improvement programs has its limits. It is based on the selection of 

genotypes with as many superior traits as possible with wide genetic distances, to be used as parents 

in the directed crossing blocks and the subsequent precision in the selection of seedlings. During the 

last decades, important advances have been made with the breeding scheme used. However, it has 

been observed that the improvement of some traits (flesh color and tuberous root shape) has reached 

a limited potential level. If greater success is to be achieved in obtaining more efficient and genetically 

balanced cultivars, it is of utmost importance to understand the mode of inheritance of genetic traits.  

2. Materials and Methods  

2.1. Study Area  

The crossing blocks were established at the Research Institute of Tropical Roots and Tuber Crops 

(INIVIT), municipality of Santo Domingo, province of Villa Clara, Cuba, located at 22º35’00´´N and 

80º14-18´´W, at 50 meters above sea level. The design was planted under field conditions, from 

August 2022 to March 2023, in a soft brown carbonated soil [26]. 

2.2. Crossing Blocks 

Eight parental genotypes of known compatibility were selected. At the end of August 2022, 20 

plants from each parent were planted at a distance of 1 × 1 m with stakes. The meteorological data 

were recorded in the automatic meteorological station belonging to the institute (national 
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meteorological network code: 78326, data: http://www.insmet.cu). Controlled cross-pollination of the 

selected parental genotypes began in early December 2023. The flowers used as female were 

emasculated in the afternoon of the previous day and covered with sections of large absorbent straws 

(0.7 cm in diameter) cut in length of approximately 3 cm. The flowers used as a pollen source were 

covered in the same way, without emasculating. Cross-pollinations were carried out the next day 

between 0700 and 1000 h. Each pollinated flower was labeled according to the parents and re-covered 

with the absorbent straw sections, and daily records of the crossings were kept. Irrigation was applied 

as needed to maintain the plants in a moderately vigorous growing condition. 

2.3. Botanical Seeds and Seedlings 

Seeds were harvested as the flower pedicel became necrotic, separated according to parentage, 

cleaned, placed in paper envelopes and stored. The seeds were cleaned and placed in paper envelopes 

for storage. Each batch of seeds from individual crosses was assigned a family code, ISS 230#: I = 

INIVIT, S = seed, S = sweet potato, 23 = year 2023 y 0# = family number. The seeds were scarified by 

a physical method (nail clippers), the day before sowing they were placed in Petri dishes and water 

was applied up to approximately 2 mm in height. In June 2023, they were sown in CRAS (Center for 

Accelerated Seed Reproduction) chambers of the INIVIT at a distance of 5 cm between seedlings and 

20 cm between rows, where they were grown for up to 50 days. Seedlings of all F1 parental 

combinations had a 30 cm cutting cut from the apical section of the stem. Planting in the field was 

carried out in July 2023 at a distance of 0.90 x 0.50 m. In November of the same year, the seedlings 

were harvested and part of the foliage from each one was placed independently in paper bags and 

labeled with the code corresponding to the family. 

2.4. Characters Investigated 

To determine the inheritance pattern of the characters: flesh color and tuberous root shape, 

parents with contrasting phenotypic characteristics were selected and thus develop segregating 

populations of I. batatas. The strategy and phenotypic characters of the parents are presented in Table 

1. 

Table 1. Selected characters and combination between parents. 

Character to be 

investigated  
Parents  Parents Family   

Color of the flesh of 

the tuberous root 

INIVIT BM-90  

(purple flesh) 
x 

CEMSA 74-228  

(white flesh) 
ISS-2305 

INIVIT BM-90  

(purple flesh) 
x 

INIVIT BM-8  

(purple flesh) 
ISS-2306  

INIVIT BS-16  

(orange flesh) 
x  

Español  

(orange flesh) 
ISS-2307  

INIVIT BS-16  

(orange flesh) 
x  

CEMSA 78-326  

(white flesh) 
ISS-2308 

INIVIT BM-25-19 

(purple flesh) 
x 

INIVIT BS-16  

(orange flesh) 
ISS-2309  

Shape of tuberous 

roots  

INIVIT BS-16  

(Skin with horizontal 

constrictions and 

longitudinal grooves)  

x 

CEMSA 74-228  

(Skin with longitudinal 

grooves) 

ISS-2310  

INIVIT BM-90  

(smooth skin) 
x 

ISS-18-004  

(smooth skin) 
ISS-2311  

2.5. Morphometric Variables 
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The samples were photographed individually with a Canon EOS 600D camera. The tuberous 

roots of the various families were washed and dried before determining their color. Seven 

morphometric variables will be used (Table 2), four directed to the shape and dimensions of the 

tuberous roots (C, AR, R and S), and three to the color of the skin and flesh of the tuberous roots (L*, 

a*, b*). Three points were measured on the skin and three on the flesh (cross section at the midpoint) 

in three tuberous roots per genotype, obtaining a total of 18 data per genotype. In addition, a 

controlled environment of temperature (20±2 oC), relative humidity (75±5%) and lighting (500 lx) was 

guaranteed during the measurement process. The professional digital image analysis software 

programmed in Java was used: ImageJ ver. 1.46 from the National Institute of Health, following the 

instructions of [27].   

The color space used was CIE. L*a*b* from 1976 of the International Commission on Illumination 

[28], where: L*=luminosity, a*= red/green coordinates (+a indicates red, -a indicates green) and b * = 

yellow/blue coordinates (+b indicates yellow, -b indicates blue). 

Table 1. Morphometric variables used. 

Variables Code Formula 

Circularity C 
4𝜋 ∗ (𝐴)

𝑃2
 

Aspect ratio AR 
𝐸𝑚𝑎

𝐸𝑚𝑒
 

Redondez  R 
4 ∗ 𝐴

𝜋 ∗ 𝑚𝑑2
 

Solidez  S 
𝐴

𝐴𝑐
 

Luminosity L* - 

a* coordinate a* - 

b* coordinate b* - 

A: area, P: perimeter, md: maximum diameter, Ac: convex area, Ema: major axis, Eme: best axis. 

2.6. Statistical Analysis and Visualization 

For the estimation of genetic parameters for each trait, the ‘variability’ package [29] of the 

RStudio 2023.03.1 software will be used. The following genetic parameters will be estimated: 

σ𝑝
2 = σ𝑔

2  + σ𝑒
2                                                                (1) 

Where: 

σ𝑝
2 : phenotypic variance 

σ𝑔
2 : genotypic variance 

σ𝑒
2: environmental variance 

σ𝑝
2 =

∑(𝐹𝑖−𝑚)2

𝑛−1
                                                                (2) 

Where:  

Fi: term of the data set 

M: medium 

N: number of observations. 

In the parents, it is inferred that phenotypic differences correspond to environmental 

differences: σ𝑔
2 = 0, σ𝑝

2 = σ𝑒
2 . To determine the σ𝑝

2  y σ𝑔
2  of the progeny, it is taken as σ𝑒

2 the σ𝑝
2  of 

the parents. 

Heritability in the broad sense:  

H2  =
σ𝑔

2

σ𝑝
2 ∗  100                                                               (3) 

To determine statistical differences between the observed frequencies, the non-parametric 

Pearson chi-square test (X2) (goodness of fit) was used. Data manipulation, evaluation and plotting 
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were performed using RStudio 2023.03.1 software. All graphs were visualized using ggplot2 [30]. To 

display the scatterplots were displayed using the geom_jitter() function with ggMarginal(), the 

density plots were displayed with the geom_density_2d() function and the colors were selected from 

ColorBrewer [31] and viridis [32]. In order to establish the degree of association between the 

phenotypic traits investigated, the segregating populations of full siblings of the families from the 

cross between ‘INIVIT BS-16’ x ‘CEMSA 74-228’ and ‘INIVIT BM-90’ x ‘ISS-18-004’ were used, taking 

into account simultaneously several traits, without neglecting the relationship between them, the 

multivariate method used was interdependence [33], since no variable was defined as independent 

or dependent. In order to know which variables are or are not associated and which influence in the 

same or opposite direction, a Principal Component Analysis (PCA) was performed, and its 

eigenvector matrix (coefficients of the linear combinations of the original variables) was interpreted. 

In addition, a line graph was prepared using the values of the proportion of absolute and 

accumulated variance (Y axis), explained by each principal component (X axis). The correlation 

between the original variables and the selected principal components was calculated using formula 

[34]:  

r(jk) = l(jk) x (λ(κ))1/2/S(ij)                                               (4) 

Where: 

r(jk) = correlation between the original variable x(j) and the k-th component. 

l(jk) = j-th element of the k-th eigenvector. 

λ(κ) = k-th eigenvalue. 

S(ij) = variances of the correlation matrix. 

To determine whether or not there was independent segregation of the traits skin color, flesh 

color and tuberous root shape, an alluvial trend diagram was developed between these traits. For this 

purpose, the ‘ggalluvial’ package using RStudio 2023.03.1 software was used. In addition, a model 

based on a decision tree was developed. Through divisions by decision nodes, different subsets of 

the data set were created. To predict the outcome at each decision node, the probability obtained in 

the segregating populations of I. batatas was used. For the tree structure, the software EdrawMax 

ver. 12.5 for Windows was used. 

3. Results  

3.1. Pollinations 

2419 reciprocal crosses were performed, of which 1361 were positive. The percentage of positive 

pollinations ranged between 45.06 and 72.47%, with an average of 58.57%. 2045 botanical seeds were 

obtained, the number of these seeds per capsule ranged between 1.17 and 1.98 with an average of 

1.54. The percentage of seed germination per family varied between 79.20 and 92.20%, with an 

average of 86.34%. Finally, 1764 seedlings were obtained (total population) (Table 3). 

Table 3. Results of the pollinations carried out among the selected parents. 

Family  No. of 

pollination

s 
 

No. of 

capsule

s  

% of 

positive 

pollination

s  

No. 

of 

sede

s  

No. of 

seeds/capsul

e  

% of seed 

germinatio

n  

No. 

seedling

s 
 

ISS-2305 416 273 65.7 320 1.17 77.5 248 

ISS-2306 191 138 72.47 221 1.60 89.4 198 

ISS-2307 497 226 45.53 279 1.23 79.2 221 

ISS-2308 273 189 69.35 269 1.42 93.2 251 

ISS-2309 343 155 45.06 306 1.98 87.6 268 

ISS-2310 419 199 47.48 366 1.84 90.8 332 
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ISS-2311 280 181 64.43 284 1.57 86.7 246 

Promedi

o 

- - 58.57 - 1.54 86.34 - 

Total 2419 1361 - 2045 - - 1764 

3.2. Flesh Color of Tuberous Roots 

Segregation of tuberous root flesh color trait from all full-sib families was plotted in scatter 

diagrams with measurements of two morphometric variables (a* and b* coordinates of the CIE L*a*b* 

color space). 

Family ISS-2305 (n =248) from the cross between a white-fleshed parent (CEMSA 74-228; L* = 

72.79) and a purple-fleshed parent (INIVIT BM-90; L* = 22.55) had a segregation ratio of 1:2:1 (cream-

white:purple:codominant) (64:118:66) (Figure 1A). Purple and white color were codominantly 

expressed in 26.61% of the total population and 50.76% of the purple-fleshed population (Figure 1B). 

The estimated broad-sense heritability for the lightness (L*) trait indicated that 94.60% of the 

proportion of phenotypic differences are due to genotypic differences, suggesting that the effect of 

the environment on the variation is small. The contour plot of densities (Figure 1C) reflects greater 

color intensity in two places, towards the left half (cream-white color) and the lower right corner 

(purple color), so the existence of incomplete dominance between both colors can be inferred. The 

observed frequencies (X2 = 105.26) (p value < 0.05) do not fit the Mendelian proportions (expected 

frequencies) (Figure 1). 

The F1 generation obtained by crossing two purple-fleshed parents (INIVIT BM-90 [L* = 22.55] 

x INIVIT BM-8 [L* = 21.68]) (n=198) showed that it is almost entirely made up of purple-fleshed 

genotypes. The segregation ratio was 8:1:3.5 (purple:cream-white:codominant) (125:16:57). Flesh 

color was codominantly expressed in 28.78% of the total population and 31.31% of the purple-fleshed 

population (Figure 2B). The estimated broad-sense heritability for the lightness (L*) trait was 97.02%. 

Transgressive segregation was observed for purple flesh color, as some seedlings had darker 

anthocyanin pigmentation than both parents (Figure 2). 

The segregation from the cross between two orange-fleshed parents (INIVIT BS-16 [L* = 62.16] x 

Español [L* = 63.05]) (n=198), presented a monofactorial phenotypic ratio of 2:1:1 

(orange:white:yellow) (122:47:52). The estimated broad-sense heritability was 93.25%. The density 

contour plot (Figure 3C) reflects greater color intensity towards the upper center (orange color). The 

observed frequencies (X2 =121.20) (p value < 0.05) do not fit the Mendelian proportions. Transgressive 

segregation was observed for the orange flesh color (Figure 3). 

The ISS-2308 family (n = 251) from the cross between a white-fleshed parent (CEMSA 78-326; L* 

= 74.63) and an orange-fleshed parent (INIVIT BS-16; L* = 62.16) had a segregation ratio of 3.5:1:1.5 

(cream-white:yellow:orange) (142:41:68). The estimated broad-sense heritability for the lightness trait 

(L*) was 91.14%. The contour plot of densities (Figure 4B) reflects greater color intensity towards the 

lower left corner (cream-white color), so there was incomplete dominance of white over orange color 

(Figure 4). 

The resulting progeny (n = 268) from the cross between an orange-fleshed parent (INIVIT BS-16; 

L* = 62.16) and a purple-fleshed parent (INIVIT BM 25-19; L* = 24.57) showed a segregation ratio of 

5:5:1:2:2 (purple:codominant:white:yellow:orange) (90:80:17:38:43). Clusters with fractional color 

frequencies of different shades, from white to orange, and different shades of purple were observed 

(Figure 5A). Purple with white and purple with orange were codominantly expressed in 29.85% of 

the total population and 47.05% of the purple-fleshed population (Figure 5B). The estimated broad-

sense heritability for the lightness (L*) trait was 91.72%. The density contour plot (Figure 5C) reflects 

greater color intensity in the lower right corner (purple color), so there was incomplete dominance of 

purple over orange (Figure 5). 

The frequencies observed for all families (X2 = > 100) (p value < 0.05) do not fit the Mendelian 

proportions (expected frequencies). 
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Figure 1. Segregation of flesh color of the progeny resulting from the cross between a white-flesh 

parent (CEMSA 74-228) and a purple-flesh parent (INIVIT BM-90). Scatter diagram (A), scatter 

diagram with blue dots representing codominant trait (B) and contour plot of densities (C). 

 

Figure 2. Segregation of flesh color of the progeny resulting from the cross between two purple-

fleshed parents (INIVIT BM-90 x INIVIT BM-8). Scatter plot (A), scatter plot with blue dots 

representing codominant trait (B) and density contour plot (C). 
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Figure 3. Segregation of flesh color of progeny resulting from the cross between two orange-fleshed 

parents (INIVIT BS-16 x Spanish). Scatter plot (A) and density contour plot (B). 

 

Figure 4. Segregation of flesh color of the progeny resulting from the cross between a white-fleshed 

parent (CEMSA 78-326) and an orange-fleshed parent (INIVIT BS-16). Scatter diagram (A) and density 

contour plot (B). 
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Figure 5. Segregation of flesh color of the progeny resulting from the cross between an orange-fleshed 

parent (INIVIT BS-16) and a purple-fleshed parent (INIVIT BM 25-19). Scatter diagram (A), scatter 

diagram with blue dots representing codominant trait (B) and density contour plot (C). 

3.3. Shape of Tuberous Roots 

The diversity of shapes obtained from the tuberous roots of the population (n=332) from the 

cross between two parents with defects on the surface of the tuberous roots (CEMSA 74-228 

[Circularity = 0.83, skin with longitudinal grooves] x INIVIT BS-16 [Circularity = 0.64, skin with 

horizontal constrictions and longitudinal grooves]) was represented with the combinations of four 

morphometric descriptors (circularity x aspect ratio, Figure 6A) (roundness x solidity, Figure 6C). 

Circularity, roundness and solidity are sensitive indices for sweet potatoes with defects on the surface 

of the skin, while aspect ratio can reach proportional values independently of the defects. The 

progeny resulted to have an average for the circularity character of 0.69, aspect ratio of 1.95, 

roundness of 0.57 and solidity of 0.93. 44.7% of the population had circularity values between 0.7-

0.94, indicating that about half of the population had sweet potatoes with a shape close to circular, in 

terms of aspect ratio, the population with values above 2-3 (two to three times longer than wide) was 

42.5%. 

The contour plot of densities (Figure 6C) reflects greater color intensity towards the lower right 

corner and center, which confirms the above, and is also corroborated by the dispersion diagram 

between solidity x roundness (Figure 6D). 

Of the 332 progenies, 298 produced tuberous roots and only 35 had smooth skin without surface 

defects (11.74%), for a ratio of 8.5:1 (skin with defects:smooth skin) (Figure 6B). Of the sweet potatoes 

with AR of 2-3 (42.5% of the total population), only 29.41% had smooth skin, these are the sweet 

potatoes preferred by the market. 

The estimated broad-sense heritability indicated that 37.94% of the proportion of phenotypic 

differences is due to genotypic differences, suggesting that the effect of the environment on the 

variation in the shape of tuberous roots is high, and it was also observed that the variation in shape 

within the same genotype can be high in some. 
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Similarly, the diversity of forms obtained from tuberous roots in the full-sib family ISS-2311 (n 

= 246), resulting from two parents without defects on the surface of the tuberous roots (smooth skin) 

(INIVIT BM-90 [Circularity = 0.67] x ISS-18-004 [Circularity = 0.81]) was represented with the 

combinations of four morphometric descriptors (Figure 7). Circularity ranged from 0.41 to 0.92, with 

48.75% of the population in the range of 0.6 to 0.75 (Figure 7A). Aspect ratio ranged from 1.09-5.34 

with 50.0% in the range of 2-3. Considering that the INIVIT BM-90 parent has an AR = 2.55 and ISS-

18-004 an AR = 1.83, the quantitative inheritance of this trait and the cumulative effect of several genes 

are confirmed. 

Of the 246 progenies, 219 produced tuberous roots and 71 had smooth skin without surface 

defects (32.42%), for a ratio of 3:1 (skin with defects:smooth skin) (Figure 7B). Of the sweet potatoes 

with AR of 2-3 (50.0% of the total population), 33.33% had smooth skin. 

The contour plot of densities (Figure 7C) reflects greater color intensity towards the center, 

indicating that the tuberous roots were generally two to three times longer than wide (Figure 7). 

The estimated broad-sense heritability was 29.26%, similarly to the previous family, indicating 

a strong environmental effect on this trait, as well as intrinsic variation within the same genotype. 

 

Figure 6. Segregation for tuberous root shape of progeny resulting from the cross between two parents 

with defects in the surface of tuberous roots (CEMSA 74-228 x INIVIT BS-16). Scatter plots circularity 

x aspect ratio (A), scatter plot red dots representing genotypes with smooth skin (B), density contour 

plot (C) and scatter plots roundness x solidity (D). 
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Figure 7. Segregation for tuberous root shape of progeny resulting from the cross between two 

smooth-skinned parents (INIVIT BM-90 x ISS-18-004). Circularity x aspect ratio scatterplot (A), red 

dot scatterplot representing smooth-skinned genotypes (B), density contour plot (C), and roundness 

x solidity scatterplot (D). 

3.4. Association between Traits 

The correlation matrix of 11 variables evaluated in the progeny resulting from the cross between 

two parents with defects on the surface of the tuberous roots (CEMSA 74-228 x INIVIT BS-16) was 

represented (Figure 8A). The correlation between 11 variables (3 for skin color, 3 for flesh color, 4 for 

tuberous root shape, and 1 for skin type [with defect or smooth]) showed a markedly low and 

insignificant correlation between the four groups of variables. The correlation coefficient between 

tuberous root shape and flesh luminosity was r = 0.09 and between tuberous root shape and skin 

luminosity was r = 0.30, which indicated that there was no linear relationship between these traits. 

It was observed that the variance associated with each dimension is different and decreases in 

order (Figure 8B). The first dimension explained 29.0% of the total variance and the second 23.8%. 

The first two dimensions together explained 52.8% of the variance. In this sense, the first dimension 

was the most important because it explained the largest percentage of the variance in the data. 

The projection of the correlation between the original variables and the first two dimensions was 

represented (Figure 8C). The proximity between variables is interpreted as a similarity in their 

behavior with respect to the progeny (close values in them), and it also means that they are highly 

correlated with each other and have low correlations with respect to the other variables. This 

translates into four well-defined variable-point clouds (groups of variables). Those with the greatest 

contribution (further from the center) in a negative sense were C and R with a high relationship 

between both, and in a positive sense AR, the directions of the point clouds and their angular 

separation showed that the variable AR goes in the opposite direction to C and R, this indicates a 

strong negative correlation. The colorimetric variables contributed less to the variance. The skin type 

variable is close to the origin, so it had little relationship with the two dimensions. Despite the lack 

of correlation between L*skin, L*flesh and skin type, the directions of the three variables and their 

angular separation showed that there could be some relationship between them (Figure 8C). To 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 August 2024                   doi:10.20944/preprints202408.1564.v1

https://doi.org/10.20944/preprints202408.1564.v1


 12 

 

elucidate this aspect, alluvial diagrams of trends between L*skin and L*flesh and between L*flesh 

and skin type were made (Figure 10 A and B; Figure 11 A and B). 

The correlation matrix of 11 variables evaluated in the progeny resulting from the cross between 

two parents with smooth skin of tuberous roots (INIVIT BM-90 x ISS-18-004) was represented in 

Figure 9A. The results of the correlation, the variance associated with each dimension (Figure 9B) and 

the projection of the correlation between the original variables and the first two dimensions (Figure 

9C) are similar to the family previously studied, so it is inferred that there is a similarity in the 

behavior of the variables independently of the families. 

 

Figure 8. Correlation matrix of 11 variables (A), proportion of variance explained by each dimension 

(B) and distribution of the correlation values of the variables on the first and second dimensions. 

Results of the progeny obtained from the cross between two parents with defects on the surface of the 

tuberous roots (CEMSA 74-228 x INIVIT BS-16). 

 

Figure 9. Correlation matrix of 11 variables (A), proportion of variance explained by each dimension 

(B) and distribution of the correlation values of the variables on the first and second dimensions. 

Results of the progeny obtained from the cross between two smooth-skinned parents of tuberous 

roots (INIVIT BM-90 x ISS-18-004). 
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To determine whether there was any relationship between different skin colors and any specific 

flesh color, and between flesh colors and skin type, alluvial diagrams of trends between these traits 

were made. Figure 10 A and B show the result for the segregating population between two parents 

with defects on the surface of the tuberous roots, one with red skin and orange flesh (INIVIT BS-16), 

and another with cream skin and white flesh (CEMSA 74-228). 

The yellow-skinned progeny had a greater tendency to have white flesh (1:3), and to a lesser 

extent yellow (1:11), orange (1:16) and cream (1:23) flesh. Those with orange skin tend to be associated 

with yellow (1:5) and cream (1:4) flesh, and to a lesser extent orange (1:16). Those with red skin were 

associated with all flesh colors (yellow, white, orange and cream). There was incomplete dominance 

of red skin color over cream skin (70% of the population with red skin), and the progenies, regardless 

of the color of their flesh, mostly had red skin. No genotypes were obtained with the combination of 

white flesh and orange flesh, however, there were genotypes with cream flesh and orange skin. It can 

be inferred that these skin and flesh colors have independent segregation, except for orange skin and 

white flesh (there was no recombination frequency). The low combination of genotypes with orange 

skin and orange flesh is due to the incomplete dominance of red skin color over other lighter colors 

(Figure 10A). Progeny with smooth skin were associated with all four flesh colors present in this 

family, mostly yellow (3:1), white (4:1) and cream (3:1), and to a lesser extent orange (16:1), suggesting 

that most of the orange-fleshed genotypes had surface skin defects. It is evident that there was no 

relationship between flesh color and smooth skin, i.e., smooth skin segregates independently of its 

flesh color (Figure 10B). 

 

Figure 10. Alluvial diagram of trends between skin color (left vertical axis) and flesh (right vertical 

axis), flow fields with skin color (A), alluvial diagram between flesh color (left vertical axis) and skin 

type of tuberous roots (right vertical axis), flow fields with flesh color (B). Results of the progeny 

obtained from the cross between two parents with defects on the surface of the tuberous roots 

(CEMSA 74-228 x INIVIT BS-16). 

Figure 11 A and B show the results for the segregating population between two smooth-skinned 

parents of tuberous roots, one with red skin and orange flesh (ISS-18-004), and another with purple 

skin and purple flesh (INIVIT BM-90). 

The yellow-skinned progeny was associated with white flesh (1:5) and yellow flesh (1:10). The 

purple-skinned progeny was only associated with purple flesh and codominant flesh (purple-orange, 

purple-white), meaning that there is a linkage between the purple skin and flesh color. There were 

no purple-skinned genotypes with yellow, orange, or creamy-white flesh, which indicates linkage 

disequilibrium between this skin color and flesh colors. They did not segregate independently as 

recombination frequency was not observed. The orange-skinned progeny was associated with yellow 

and orange flesh. The red-skinned progeny was associated with yellow, orange, cream-white and 

codominant flesh, confirming the independent segregation of red skin and flesh colors. There was 
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incomplete dominance of purple skin over red skin (61% of the population with purple skin) (Figure 

11A). 

The smooth-skinned progeny were associated with the six flesh colors present in this family, 

mostly purple (3:1) and codominant (3:1), confirming that the smooth-skinned trait has independent 

segregation in relation to flesh color (Figure 11B). 

 

Figure 11. Alluvial diagram of trends between skin color (left vertical axis) and flesh (right vertical 

axis), flow fields with skin color (A), alluvial diagram between flesh color (left vertical axis) and skin 

type of tuberous roots (right vertical axis), flow fields with flesh color (B). Results of the progeny 

obtained from the cross between two smooth-skinned parents of tuberous roots (INIVIT BM-90 x ISS-

18-004). 

Taking into account the results of this research, the following genetic model of biparental crosses 

is proposed for improving the flesh color of I. batatas (Figure 12), as well as a predictive formula for 

the progenies to be selected (5).  

Predictive formula for the progenies to be selected 

PS = [(n * PPDC1) * PPDC2] * SSC                                        (5) 

Where:   

SP: Progenies to be selected  

n: Number of seedlings per family  

PPDC1: proportion of progeny with the desired color  

PPDC2: proportion of progeny with the desired color (if necessary, otherwise it will be = 1)  

SSC: Smooth Skin Coefficient 

Objective: purple flesh (n=100) 

Purple flesh x white flesh: 

PS = [(100 * 0.52) * 0.50] * 0.34 = 9 purple smooth-skinned sweet potatoes. 

Purple flesh x orange flesh: 

PS = [(100 * 0.66) * 0.50] * 0.34 = 11 purple smooth-skinned sweet potatoes. 

Purple flesh x purple flesh: 

PS = [(100 * 0.92) * 0.69] * 0.34 = 21 purple smooth-skinned sweet potatoes (most efficient route).  

Objective: orange flesh (n=100) 

Orange flesh x white flesh: 

PS = [(100 * 0.28) * 1] * 0.18 = 5 orange smooth-skinned sweet potatoes. 

Orange flesh x purple 

PS = [(100 * 0.14) * 1] * 0.18 = 3 orange smooth-skinned sweet potatoes. 

Orange flesh x orange flesh: 

PS = [(100 * 0.55) * 1] * 0.18 = 10 orange smooth-skinned sweet potatoes (most efficient route).  

Objective: white flesh (for n=100) 
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White flesh x purple flesh 

PS = [(100 * 0.47) * 1] * 0.22 = 10 white smooth-skinned sweet potatoes. 

White flesh x orange flesh 

PS = [(100 * 0.56) * 1] * 0.22 = 12 white smooth-skinned sweet potatoes. 

White flesh x white 

PS = [(100 * 0.92) * 1] * 0.22 = 20 white smooth-skinned sweet potatoes. 

 

Figure 12. Genetic model of biparental crosses for improving the flesh color of I. batatas. 

The model does not include the skin color, since it is a character with relative importance 

depending on consumer preference, although the international market prefers sweet potatoes with 

orange and red skin.  

In addition, the genetic model did not take into account the yellow color of the flesh in its 

different possible combinations, since there are different intensities of yellow that, towards their 

extremes, can be confused with cream and orange colors. Instead, parents with intense orange flesh 

were used. However, if the objective is to obtain yellow flesh genotypes, efficient combinations can 

be made between parents with yellow x yellow or yellow x orange flesh. The formula to be used in 

theory would be: PS = [(n * 0.70) * 1] * 0.26.  

If the objectives of a genetic improvement program include the combination of anthocyanin and 

carotenoid pigments in the same genotype (codominant flesh), only purple-fleshed x orange-fleshed 

parents should be crossed; approximately 11 codominant smooth-skinned sweet potatoes should be 

obtained. 
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4. Discussion 

4.1. Pollinations  

In none of the crossings carried out, 100% positive pollinations were observed; this phenomenon 

is explained by different reasons: pollen fertility, environmental conditions at the time of crossing, 

among others [25]. This limited gametic fertility is also explained by abnormalities observed during 

meiosis, associated with the hexaploid nature of the sweet potato genome [35]. 

In sweet potatoes, the percentage of capsules obtained on pollinated flowers ranges according 

to the authors between: 30 to 75% [23], 63.21% [36] and 35 and 87% [37]. In the case of seeds per 

capsule, the following are reported: 1.2 [15], between 1.10 and 1.68 [38] and less than 2 [37]. The results 

obtained are coincident in both cases. 

4.2. Flesh Color of Tuberous Roots 

Some progenies between crosses of white and yellow-fleshed parents produce seedlings that 

segregate both colors, however white flesh color appears to be dominant over yellow flesh color [12]. 

When crossing a white-fleshed parent with an orange-fleshed parent, 62.0-84.1% of seedlings with 

white-fleshed roots have been obtained [13,21,39,41]. The present results confirm what was reported 

previously, the progeny resulting from the cross between a white x orange-fleshed parent, resulted 

in 28% of seedlings with orange flesh, which reaffirms the incomplete dominance of white flesh color 

over orange. This may be attributed to the action of two or more genes for white color on the genes 

for orange flesh or the possible presence of an inhibitory gene [39]. 

Sweet potato seedlings may have higher concentrations of carotenoids (more intense orange 

flesh) than either of their parents [13,40]. Crossbreeding between two parents, one with high 

carotenoid content (18.5 mg) and one with low (1.2 mg), has produced 18.8% of the progeny with 

roots that had more than 21 mg of carotenoid pigments [39]. The inheritance of the orange flesh colour 

behaves as a typical quantitative character and it is possible that six genes with additive effect control 

the carotenoids [21]. In all the investigations carried out, transgressive inheritance was evident, which 

for some characters has a great practical significance, since individuals can be discovered that have a 

greater degree of superiority than the original parent, and a greater degree of inferiority than the 

original parent. Thus, by using superior individuals as parents in breeding programs and discarding 

inferior individuals, gradual improvement of important quantitative traits can occur [42]. It is evident 

that in sweet potato, if a high percentage of progenies with high carotene content is desired, parents 

with high carotene content (intense orange pigmentation) must be used. Therefore, in the proposed 

genetic model this is the suggested way, since the carotene content is quantitatively inherited with 

an additive effect of genes. 

In the study of a population of 1630 seedlings from biparental crosses that had orange pulp color, 

it was reported that the orange color was predominant (37.48%), followed by light orange (28.71%) 

and dark orange (6.38%). In lesser proportion, cream, white and yellow pulp were found [11]. The 

results coincide with those obtained, the progeny resulting from the cross between orange parents, 

results in a monofactorial phenotypic proportion of 2:1:1 (orange:white:yellow). 

4.3. Tuberous Root Shape 

For the trait defects on the surface of the tuberous root, 239 seedlings (91.92%) of 260 presented 

roots with horizontal constrictions or longitudinal grooves [14]. The present results confirm this, 

when crossing two parents with defects on the surface of the tuberous roots only 11.74% of seedlings 

with smooth skin without defects on the surface of the tuberous roots were obtained and 32.42% of 

progeny with smooth skin were obtained for the cross between two parents without defects on the 

surface of the tuberous roots (smooth skin). This suggests an additive effect of the genes for this trait 

and the importance of using parents with smooth skin. It is possible that the proportions of smooth 

skin in the progeny can be increased in other breeding programs in other parts of the world if parents 
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with a high degree of improvement for this trait are used due to dosage effects. In the present 

investigation the parents used did not have this degree of improvement.  

Sweet potato progenies differ in length to width (L:W) ratios within the same family, ranging in 

ratios from 1.54 to 3.03 L:W. For different families the seedlings have different percentages (60, 39.4, 

42.9, 48.1%) in the ratio of 1.5 to 3.0 L:W. Furthermore, some progenies do not produce a defined 

pattern. It is likely that there are two sets of genes, one for length and one for width, functioning 

independently, probably controlling root shape [43]. 

The aspect ratio between 2-3 was obtained in 42.5% of the total population of one family and 

50.0% of the other, indicating a high variation in the shape of tuberous roots within the same family. 

Furthermore, in both families, progenies with a higher aspect ratio than the longest parent and 

progenies with a lower value than the parent with the lowest value were observed, indicating a 

transgressive segregation for this trait. Considering the AR values obtained in the progeny and that 

the parents used have different AR, it can be inferred that this trait has a quantitative inheritance with 

a lack of dominance of one form over another, suggesting interaction, several genes involved and 

perhaps a cumulative effect.  

For the shape of tuberous roots, low heritability values (0.04) have been reported [44]. In the 

present study, low broad-sense heritability values (0.29-0.38) were also found for this trait, which is 

due to the high variation in shape for the same genotype and the great environmental influence [45]. 

4.3. Association between Characters 

Through open pollination using purple-skinned and white-fleshed parents, the progeny have 

monofactorial proportions of 1:4 light flesh/purple skin, 1:2 light flesh/brown skin, 1:4 mottled purple 

flesh/purple skin. In addition, half of the purple-skinned plants have purple spots on the flesh [14]. 

These observations coincide with the results of the present investigation, reporting that the seedlings 

from the combination of purple x white flesh and purple x orange flesh presented 50.76 and 47.05% 

respectively of the segregating population of purple flesh, flesh with a codominantly expressed color, 

which in our case instead of presenting purple spots on the flesh, was the opposite, the purple flesh 

presented orange or white spots in a smaller proportion than the predominant purple color. In 

addition, incomplete dominance of the red skin color over the cream skin was obtained.  

It has been suggested that the association between skin and flesh colour of sweet potato is neither 

independent nor determined by monofactorial segregations. Fractionation for dihybrid segregation 

indicates a good fit for a ratio of 9:7 purple:cream skin, and 13:3 orange:cream flesh [14]. Of the 

orange-skinned progeny, the majority (63%) have orange flesh, whereas when the skin is anthocyanin 

or white/cream, most genotypes have white-cream flesh without orange inclusions [15]. The claims 

made above are not supported in 100% of the cases by the results obtained, since skin colours (red 

and yellow) and flesh colours (yellow, orange and cream) have independent segregation. In addition, 

it is agreed that there was no recombination frequency between orange skin and white flesh, and that 

between purple skin and yellow, orange or cream-white flesh, these did not segregate independently. 

This may be because the loci involved are located on the same chromosome, which makes it 

impossible for them to be transferred to the offspring randomly with the separation of the 

chromosomes during meiosis. This linkage disequilibrium is influenced by many factors, including 

selection, the rate of genetic recombination, genetic drift, population structure and linkage. Since the 

white-fleshed genotypes only had red or yellow skin, it is likely that these colours are dominant over 

the orange skin colour. In addition, the purple-skinned genotypes were only associated with purple 

flesh and codominant flesh (purple-orange, purple-white), that is, it can be said that there is linkage 

between the purple colour of the skin and the flesh. This possible linkage (joint transmission) suggests 

the proximity between the genes of both traits on the same chromosome. It is possible that different 

authors obtain dissimilar results in this crop, due to its directed evolution (crossings and artificial 

selection), ploidy level, crossing over during meiosis, allelic dosage for some traits and a polysomal 

inheritance route.  

Crosses between dark-skinned parents produce a large percentage of F1 seedlings with pink or 

purple skin [41], as occurred in the present investigation. When a cream-skinned parent is crossed 
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with a copper-skinned parent, most of the seedlings are tan or darker. When a copper-skinned parent 

is crossed with a purple-skinned parent, none of the offspring produced white-skinned roots. 

Furthermore, in a cross involving purple-skinned and pink-skinned parents, 90.1% of the population 

is purple-skinned and only 5.9% was pink-skinned, so the inheritance of skin color may be controlled 

by the interaction of several genes, probably of complementary action [21,39,43]. The current results 

support these findings. Since the purple and red trait is incompletely dominant over the light skin 

colors, it is important to select light-skinned parents if cream- or orange-skinned sweet potatoes are 

desired, and thus it is possible to obtain seedlings with the desired skin color along with other 

combined traits. 

Heritability values of 0.13 have been found for flesh colour [44]. In the present study, the results 

differ; for flesh colour, the estimated broad-sense heritability was in all cases greater than 0.90, 

indicating that variations in flesh colour are of genetic origin and are little influenced by the 

environment. 

By crossing two sweet potato parents, one with yellow skin and cream flesh, and the other parent 

with purple skin and yellow flesh. The offspring are not affected by the direction of the cross (sex-

linked inheritance). For the skin color, offspring with values higher or lower than those of one of the 

parents were found. 64% of genotypes with anthocyanin skin, 18% with white/cream skin and 18% 

with orange skin. In the pulp, 62% of the genotypes presented white/cream pulp, while the remaining 

38% showed pulp that presented different intensities of orange color. The continuous distribution of 

the analyzed characters confirms their quantitative nature. Given the hexaploid nature of the sweet 

potato, a quantitative variation is expected even in those characters of qualitative nature [15]. 

In sweet potato the segregation proportions in certain crosses are usually complex, but can be 

simple and Mendelian when a single dominant allele is present. However, as the simple proportions 

are affected due to the homozygosity of some genes, inheritance studies often show discrepancies 

regarding the segregation patterns, which are varied and complicated. If dosage effects occur, 

segregation will be continuous and discrete proportions will not be observed, even when a single 

locus is responsible for a trait [46].  

5. Conclusions 

A more precise contribution to the inheritance governing the traits of flesh color, skin color and 

tuberous root shape, as well as their association, was made by eliminating the difficulty of fractioning 

segregation frequencies by using morphometric variables. The high estimated values of broad-sense 

heritability for flesh color indicated that phenotypic differences are due to genotypic differences. 

There was incomplete dominance of white flesh color and purple color over orange color. There is a 

possible linkage (joint transmission) between purple skin color and purple and codominant (purple-

orange, purple-white) flesh color. In addition, all the studied traits appear to be quantitatively 

inherited. A genetic model of biparental crosses to improve the flesh color of I. batatas was proposed, 

as well as a predictive formula for the progenies to be selected. This could lead to more efficient 

advances (in time and resources) in the genetic improvement of this species to obtain genetically 

balanced cultivars with the desired characteristics. 
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