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Abstract

Background: Sweetpotato is an important staple food crop worldwide. The genotype mainly influences the nutri-
tional quality of its storage roots, but environmental conditions could produce significant variations in chemical
composition and quality. The aim of this study was to characterize sweetpotato diversity of 20 selected genotypes
and identify harvest time (90, 120, and 150 days after planting-DAP) and environmental effects on quality attributes
estimated by proximate analysis (dry matter, ash, crude fiber, total protein, and total soluble solids). Red (R), green (G),
and blue (B) (RGB) analysis was used to characterize the genotypes phenotypically.

Results: The results of the current study revealed that flesh color was associated with proximate composition.

RGB analysis showed that low B pixel values were present in yellow-orange- and purple-fleshed genotypes, which
simultaneously exhibited high total protein content (TPC), ash content (AC), and crude fiber (CF), while cream- and
white-fleshed genotypes showed high B pixel values and were related to high dry matter content (DMC). In these
genotypes, the high DMC was maintained or increased through harvest time, however, a reduction in the proportion
of accumulated AC and TPC was observed. On the other hand, in the pigmented genotypes, DMC increased up to
120 DAP, showing major stability in terms of AC and TPC. Regardless of harvest time, more intense rain events 30 days
before harvest, affected the storage of DMC in roots negatively, while AC, TPC, and CF were accumulated more
efficiently, or their proportion increased. High temperatures increased total soluble solids (TSS) accumulation and
reduced AC, TPC, and CF accumulation. The combined analysis, according to the additive main effects and multiplica-
tive interaction (AMMI) model, confirmed these results.

Conclusions: These findings indicated that white-fleshed genotypes contain high DMC, although, with lower TPC,
AC, and CF contents compared to yellow-orange- and purple-fleshed genotypes. Although there is an increase in
DMC in extended harvests (in orange-fleshed genotypes up to 120 DAP), the presence of pre-harvest rain promotes
its translocation and loss. On the contrary, TPC, AC, and CF can be kept stable or even increase, except in environ-
ments with high temperatures that induce low accumulation. The current study provides a better understanding of
the nutritional response of sweetpotato diversity under several growing conditions, which can be recognized and
used integrally to improve food quality.
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Sweetpotato

Background

Sweetpotato (Ipomoea batatas L.) is a worldwide impor-
tant crop for human nutrition. The relevance of this crop
is due to its nutritional quality, so its proximate composi-
tion is important to understand the role it plays in basic
nutrition. Sweetpotato is rich in carbohydrates, being
mainly starch, one of the most important energy sources
for consumers. Ash directly denotes the mineral con-
tent (potassium, manganese, copper, iron and zinc), and
proteins are nutrients that provide essential amino acids
required for metabolism. Crude fiber is one of several
nondigestible carbohydrates that benefit the intestinal
tract. Total soluble solids influence the taste and overall
sensory acceptability of food, and some genotypes are
rich in provitamin A (B-carotene) and vitamins B1, B3,
C, and E [2, 30]. Furthermore, sweetpotato has a high
potential for industrial processes (starch and flour extrac-
tion), such as the manufacture of noodles and compotes,
the elaboration of processed products (juice and cro-
quettes), and the preparation of low-fat baked snacks as
a substitute for flours in the bakery industry. In general, it
is considered as an ingredient in the preparation of func-
tional foods due to its high content of dietary fiber and
digestion-resistant starch [9, 36, 41, 44].

The formation of storage roots in sweetpotato is a com-
plex process that involves: (i) stopping root elongation;
(ii) initiation of the vascular cambium, and (iii) increasing
radial growth through cell-proliferation and expansion
[40]. Therefore, harvest delay may affect the storage root
quality [38]. Sweetpotato is a drought-tolerant crop with
high dry matter content (DMC) that is the main char-
acteristic considered by consumers and processors [25].
Nonetheless, not only its storage roots can be consumed,
but also its leaves. The flesh of the storage roots can have
a white, cream, yellow, orange, or purple color. Accord-
ing to the characteristics of the root flesh, there are three
main groups of cultivars: (i) cultivars with very high
DMC and starch (~25-35%) that generally have a white
or cream color in their flesh, and used for processing
(traditional or industrial); (ii) cultivars with high DMC
(~20-30%), low sugar content and high provitamin A
carotenoids, used for fresh root consumption [23, 48],
and (iii) cultivars with low DMC and high sugar and car-
otene contents; deep orange-fleshed for export markets,
mainly to the U.S. [23]. However, there are different fac-
tors affecting DMC in sweetpotato, including the cultivar
(genotype), geographic area, light amount [20, 25, 48, 53],
climate, cultural practices and soil types. Incidence of

pests and diseases through physiological alterations that
affect its production and partitioning [3, 40, 42], crop
age [43], and storage [56, 29]. Studies have reported a
wide variability for DMC in sweetpotato cultivars based
on the study of different populations (genotype collec-
tions), showing a range between 24.3% and 51.1% [48,
56, 54]. Varieties with high dry matter content show val-
ues higher than 30% [4, 7, 47]. Orange-fleshed genotypes
generally exhibit lower dry matter contents (<30%) [7, 14,
47, 49], while purple varieties maintain a similar range
(21-33%) [17, 28]. Similarly, several reports showed the
effects of crop seasons and agroecological conditions on
DMC of sweetpotato storage roots. In India, the crop
season influenced the DMC significantly in selected gen-
otypes showing a range from 14.0% to 37% [29]; the influ-
ence of three different agroecological zones in Malawi
produced significant differences in DMC, reporting a
range of 26.8% to 34.4% [20]; furthermore, under West
Bengal conditions, values of 18.42 to 31.62% for different
genotypes were found [33].

The mineral content in the soil affects iron and zinc
variations in crops [38], just as variations in ash content
influence sweetpotato root flesh color. Caetano et al. [8]
reported values with an average of 1.0% of ash content
(AC) in sweetpotato with different flesh colors, suggest-
ing that the genotype does not affect this variable. How-
ever, significant differences among sweetpotato cultivars
have been reported, showing ash content between 0.6
and 1.0% [15].

The protein content (PC) of sweetpotato varies and
is influenced by the cultivar, location, soil fertility, and
infestation by pests and diseases [4]. Further, a range of
1.60 to 9.50% of PC for sweetpotato cultivars from dif-
ferent origins and cultivated under several environmen-
tal conditions has been reported by various authors [18,
48, 54]. Nevertheless, adequate nitrogen availability has
a significant increase in PC, indicating that nitrogen is an
important factor in determining the yield and nutrient
composition of storage roots [50].

Several studies show that crude fiber (CF) content var-
ies from one variety to another [10]. Based on dry weight,
CF values ranged between 1.8% and 2.8% depending on
the cultivar and the type of nitrogen fertilization [50].
Moreover, CF is affected by the processing method and
its interaction with the cultivars [10].

Total soluble solids (TSS) content is an important qual-
ity parameter that determines the quality of the pro-
cessed food product [33]. Various studies revealed that
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TSS varied from 7.30 to 14.57 °Brix in fresh sweetpotato
storage roots, depending on skin and flesh colors [8, 23,
33, 51]. The maturity stage and edaphoclimatic condi-
tions also influence TSS, which is also related to the
DMC [23].

DMC, ash, protein, CF, and TSS are features in sweet-
potato storage roots that directly influence its quality
for direct consumption or processing. The high content
of protein and ash ensures better nutritional quality in
storage roots that are mainly sources of carbohydrates.
Accordingly, the aim of this work was to identify the
genotypes and environmental conditions that improve
the quality attributes of sweetpotato. A cost-effective
process was included, red (R), green (G) and blue (B)
(RGB) image analysis, to characterize quality attributes
of sweetpotato. The high nutritional quality diversity in
sweetpotato represents a valuable potential for fulfilling
nutritional requirements; however, a cropping system
could contribute to ensure simultaneously good yield and
quality.

Results

Root flesh color reflects the proximate composition
diversity in sweet potato

The combination of RGB image analysis as a phenotyping
tool and a proximate analysis produces efficient dissec-
tion of sweetpotato diversity in food quality. Phenotypic
characterization using RGB image analysis of transver-
sal cuts of storage roots was used to obtain mean red
(R), green (G), and blue (B) pixel values (Table 1). Clus-
ter analysis using R, G, and B pixel values produced a
hierarchy of three groups clustered mainly due to mean
G pixel values. The first group (G1) included values that
ranged from 163 to 195.9 in white—cream fleshed geno-
types, the second group (G2) showed values from 121.2
to 179.3 in yellow—orange genotypes, and the third group
(G3), contained values that ranged from 49.5 to 97.8 in
genotypes with purple flesh (Fig. 1la; Table 1). Simi-
larly, B pixel values were higher in white—cream fleshed
genotypes showing a range of 129 to 155.2, while geno-
types with pigmented flesh showed a range of 56.1 to
104.4. Regarding R pixel values, white-to-orange flesh
genotypes showed a range of 181.8 to 206.6, and purple
genotypes showed values between 115.3 and 141.5. The
color descriptions detected differences among groups,
results that were consistently confirmed by the Tukey test
(Table 1).

Similar clustering was obtained when DMC, TPC,
AC, CF, and TSS were included in the hierarchical clus-
ter analysis (Fig. 1b). The three main groups (G1, G2,
and G3) previously observed were also differentiated
due to their proximate composition, and this, in turn,
was related to flesh color in storage roots. While the

Page 3 of 17

Table1 Mean red, green and blue pixel values
in the evaluated genotypes estimated from the RGB image
analysis

Genotype Red (R) Green (G) Blue (B)
White-cream fleshed genotypes:
0113-671.VAL 1916+ 17.7abcd 183.6+16.1ab 155.6+15.1a
0113-662.VAL  171.7£23.5d 163+213bcde  129+19.5bcd
0113-657VAL  206.6+17.9ab 1959+ 18.8a 15524223a
0113-660.VAL  1952+186 182.7 + 16abc 1312+ 15.6abc
0113-669.VAL  187.8+214bcd  174.54205abcd 1384 +21.1abc
0113-670VAL ~ 192.74242abcd 180.9+234abc  132.9+24.7abc
0113-668VAL  1935421.1abcd  184+25.7ab 151.5+29.4ab
0113-664.VAL  199.7+26.5abc  187.8+27.2ab 135.6+28.6abc
Criolla 1818+218cd  1694+226bcd 121.2+21.7cde
Yellow-orange fleshed genotypes:
0113-634VAL  213.1£33.6a 140.7 £20.8ef 71.7 £26.5hi
0113-672COR 20554 16.9abc  121.2+21.6fg 56.1+14.8i
0113-673.VAL  1949421.7abcd 164.8+222bcde 104.4 4 23.6def
0113-658 COR  204.7 £ 9.6abc 1793+ 112abcd  986+13.2efg
0113-674VAL  1872419.6bcd  143.81+183ef 768+ 11.2ghi
0113-665VAL 1949+ 13.7abcd  157.94 14.2cde 82.9+19fgh
0113-663VAL  192.5430.5abcd 154.7+30.4de 82.9+29fgh
0113-666.VAL 200+26.5abc 1639+30.5bcde  82.8+27fgh
0113-659VAL  199.7£24.7abc 1585+ 25.9cde 814+ 24.8fghi
Purple flesh genotypes:
0113-656COR  1153429.5f 4954355h 73.7 £35ghi
Criolla.V 14154+ 19 97.8+£19.5g 92.2418.3fgh

Different letters show significant differences determined by Tukey’s test
(p<0.01). Red, Green, and Blue correspond to pixel values from the RGB image
analysis

white—cream fleshed genotypes (G1) showed higher dry
matter content compared to the yellow—orange fleshed
genotypes (G2), those belonging to the G2 group exhib-
ited higher AC and TPC compared to G1 (Table 2). The
major level of CF was found in the genotypes from the
G2 group compared to G1; however, an inverse rela-
tion was found in TSS, where the G1 genotypes showed
higher values compared to the G2 group, except for
genotype 0113-666.VAL. The purple genotypes (G3)
were recognized by a profile similar to the one observed
in the G1 genotypes in DMC, AC, and TPC; moreover,
their level of CF and TSS was higher compared to the
genotypes from the G1 and G2 groups. Consistently,
Pearson’s correlation between color parameters and the
proximate composition showed a positive correlation
between the R pixel value and AC, and negative with
TSS; further, the G pixel value was negatively correlated
with CF; meanwhile, the B pixel value showed a posi-
tive correlation with DMC and a negative correlation
with TPC, AC, and CF (Table 3).
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Effect of days to harvest

Twenty sweetpotato genotypes were harvested in three
different periods (90, 120 and 150 DAP), where the
combined mean comparison showed that late harvest
(150 DAP) promotes a significantly higher accumula-
tion of DMC and TSS, while an early harvest (90 DAP)
was associated with higher accumulation of TPC and
CF. Similarly, at 120 DAP, a higher accumulation of AC
was observed (Fig. 2a).

The varietal analysis showed that harvest time influ-
enced the proximal composition of the genotypes dif-
ferentially, except for two genotypes, which did not
exhibit any difference between harvest periods (0113-
665VAL and 0113-659VAL). The rest of the genotypes
showed differences in specific proximal features, and
only six genotypes exhibited significant differences in
DMC among harvest periods (Fig. 2b, Table 4). Among
these, three vyellow and orange-fleshed genotypes
(0113-666VAL, 0113-672COR, and 0113-634VAL)
showed an increase in DMC until 120 DAP; then, a sig-
nificant decrease was observed after this point. Purple-
fleshed genotypes did not show significant differences
among harvest periods. However, the white-fleshed
genotypes 0113-662VAL, 0113-664VAL, and Criolla,
exhibited a constant increase throughout the evaluated
period. Six genotypes showed significant differences in
AC comparing the harvest periods, and most of them
belonged to the white—cream flesh genotypes except
for 0113-663VAL, a yellow-fleshed genotype. After
120 DAP, genotypes 0113-660VAL, 0113-664VAL,
0113-663VAL, and 0113-670VAL showed a significant
decrease, while genotypes 0113-669VAL and Criolla
exhibited a decrease immediately after 90 DAP.

Genotypes 0113-671VAL, 0113-657VAL, 0113-
668VAL, 0113-664VAL, and Criolla, all with a white—
cream flesh, showed a significant reduction in TPC
from 90 to 150 DAP. A similar response was observed
for CF in genotypes 0133-674VAL, 0113-669VAL,
and 0113-663VAL, which showed a constant decrease
after 90 DAP, while genotype 0113-657VAL showed an
increase up to 120 DAP, followed by a decrease at 150
DAP. A constant increase throughout the evaluated
period was recorded for TSS in 10 genotypes, most of
them displaying yellow and purple flesh.
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Effect of environmental conditions

The environmental conditions influenced the proximate
composition of sweetpotato genotypes. The conditions
in Corozal promoted major accumulation of DMC com-
pared to the rest of the locations, while Cerete and Car-
men de Bolivar (Carmen B) positively influenced AC and
TPC. TSS were accumulated in higher proportion in gen-
otypes cultivated in Carmen B, Corozal, and Riohacha.
The conditions in Codazzi were unfavorable for the accu-
mulation of all the evaluated compounds (Fig. 3a). An
analysis of average temperature and accumulated rainfall
was done during 30 days before harvest in three locations
to understand how temperature and rainfall influenced
the proximal composition in sweetpotato storage roots
(Fig. 3b). Accumulated rainfall above 70 mm during the
month previous to harvest affected the DMC negatively
in genotypes from the G1 (white—cream flesh) and G2
(yellow—orange flesh) groups; this observation was con-
firmed by a negative correlation found between rainfall
and DMC (Table 5). In Carmen B and Cereté (2015A and
2015B periods), the low mean temperature and rainfall
influenced mainly the accumulation of AC, TPC, and
CF in all genotype groups. Consistently, positive corre-
lations between accumulated rainfall and TPC, and AC
and CF were found. A significant reduction of CF accu-
mulation was observed as harvesting time increased.
Otherwise, with rainfall, a reduction in TSS was found
in the G1 and G3 groups. Nonetheless, a negative corre-
lation of accumulated rainfall and TSS was consistently
found, contrary to the response to temperature. In gen-
eral, regardless of harvest time, there was a strong effect
from environmental conditions affecting the proximate
composition in the evaluated genotypes. More intense
rain events 30 days before harvest affected DMC in stor-
age roots, while AC, TPC, and CF were more efficiently
accumulated, or their proportion increased. Further, high
temperatures increased TSS accumulation and reduced
AC, TPC, and CF accumulation.

Effect of the genotype by environment interaction

The combined analysis, according to the AMMI model,
showed highly significant differences among environ-
ments (E), genotypes (G), and their interaction (GxE).
The combined variance analysis per harvest period (90,
120, and 150 DAP) was done to understand the effect of

(See figure on next page.)

Fig. 1 Diversity of root flesh color and selected chemical composition among sweetpotato genotypes. a Circular cladogram obtained from R,

G, and B pixel values obtained from digital images of root flesh. b The hierarchical clustering heatmap obtained from sweetpotato genotypes
according to their proximate composition. Note: Multivariate sample similarities are displayed as a heatmap in which rows represent genotypes, and
columns include compositional and color features. The heatmap encodes individual measurements for each sample (autoscaled) and measured
according to the color bar at the top right of the figure. AC ash content, CF crude fiber, TPC total protein content, DMC dry matter content, TSS: total
soluble solids; Red, Green, and Blue are the pixel values obtained from the image analysis
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Table 2 Mean values of proximate compounds in twenty sweetpotato genotypes

Genotype DMC (%) AC* TPC* CF* TSS (°Brix)

Cluster G1:
0113-660.VAL 35.544.9abc 4.1+1.1bcde 5942.1abc 3.7+ 1.5cdef 10.2+2.7bc
0113-670.VAL 324 44.5cdef 4.2+ 14bcde 6.2+ 2.2abc 3.1+07f 11.24+2.4bc
0113-664.VAL 33.8+6bc 4.1+ 14bcde 6.1+ 2.3abc 3.7+ 1.2cdef 10.7 4 1.8bc
0113-669.VAL 324 2.4cdefg 44+17abcde 5.642abc 4+ Tbcdef 10.6+2.6bc
0113-671.VAL 33.1+6.7bcde 44+13abcde 6.4+ 29abc 3.5+ 1.1def 95+3.2c
0113-668.VAL 334+44bcd 3.7+1.2de 5.842.3abc 3.9+ 1.4bcdef 10.7£2.3bc
0113-657.VAL 31.7 £ 5.6cdefgh 38+ 1.1cde 54424bc 4+ 14abcdef 9.8+3.6¢
Criolla 393+58a 3440.5e 53+19bc 4.7+1.7abc 10.8+2.6bc
0113-662.VAL 33.744.1bc 3.840.6cde 4541.6¢ 4.1+ 1.5abcdef 10442.9bc
Group mean 33.8+5.8a 40+1.2b 59+24b 38+1.3b 104+2.8b

Cluster G2
0113-665.VAL 27.24+3.2hi 4.9+ 19abc 7243.1ab 44+ 1abcde 92429c¢
0113-663.VAL 27.8+3.9ghi 44+12abcde 7+32ab 44+14abcde 9.5+24c
0113-659.VAL 26.3£3.5i 4.7+ 1.5abcd 6.6+ 3.1abc 4.8+ 1.4abc 9+£29c
0113-666.VAL 32.8+43cde 44+17abcde 6.9+ 3.6ab 3.340.9ef 124+3.2ab
0113-674.VAL 285+ 3.7efghi 4.7 +1.3abcd 7.543.5ab 3.9+ 0.7bcdef 9.5+1.8c
0113-658.COR 35+ 6abc 4.7 £ 2.6abcd 6.2+ 3.2abc 32407f 10.22.5bc
0113-673.VAL 28+ 6.5fghi 4.8+ 1.4abcd 64+ 24abc 4.2+ 14abcdef 9+2.1c
0113-634.VAL 26.7 £4.5i 51+13ab 78+3a 4.5+ 1.3abcde 104 42.4bc
0113-672.COR 215+4.7j 55+15a 7+27ab 51+14a 93+1.8¢
Group mean 26.9+5.6b 4941.5a 6.943.0a 444+13a 9.6£2.5b

Cluster G3:
0113-656.COR 375+ 64ab 37+1.1de 6.3+ 2.5abc 4.5+ 1.7abcd 14.24+39a
Criolla.V 29.2 & 4.4defghi 3.940.5cde 5341.9bc 4.8+19ab 1044 2bc
Group mean 35.0+£7.0a 38+1.0b 6.0+24b 46+17a 1334+39a

DMC dry matter content, AC ash content, CF crude fiber, TPC total protein content, 7SS total soluble solids

Different letters show significant differences among genotypes or groups determined by Tukey’s test (p <0.01); *9/100 g of dry weight

Table 3 Pearson'’s correlation between color parameters and selected quality features in sweetpotato

Variable bMC TPC AC CF TSS Red Green

TP —0.55%

AC —0.8*** 0.73*

CF —0.46* 0.07 0.15

TSS 0.63* —0.14 —049*% —0.21

Red —0.36 0.33 0.51* —0.29 —0.59%

Green 0.16 -0.2 —0.05 —0.59* —044 0.76%*

Blue 0.55* —0.65* —0.59% —0.53* —0.03 0.13 0.68**

DMC dry matter content, AC ash content, CF crude fiber, TPC total protein content, TSS total soluble solids
Red, Green, and Blue correspond to pixel values from the RGB image analysis. ***(p <0.0001), **(p <0.001), *(p<0.01)

(See figure on next page.)

Fig. 2 Comparison of the effect of harvest time on the proximate content in sweetpotato. a Mean comparison between 90, 120, and 150 DAP in
proximate composition. b The response of the evaluated sweetpotato genotypes to harvest time at 90, 120, and 150 DAP. AC ash content, CF crude
fiber, TPC total protein content, DMC dry matter content, 7SS total soluble solids. Different letters show significant differences established by Tukey's
test (p <0.01). ns no significant differences among harvest periods, and only genotypes that report significant differences were graphed. *measured
in g/100 g of dry weight, **measured in °Brix
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Table 4 Mean values of the proximate compounds grouped in clusters at different harvesting periods
Harvest time DMC (%) AC* TPC* CF* TSS (°Brix)
Cluster G1
90 31.2+53Ab 42+13a 71£21a 37£1.18B 85+1.7c
120 33844.7Aa 43+14Ba 52+24Bb 39+16 10.14+3.28Bb
150 35.2+6.3Aa 36+0.8Bb 57+23Bb 36+£138B 11+24Ba
Cluster G2
90 25946.58 46+12b 7425 474+17A 8+18b
120 26.8+4.5B 53+1.7Aa 7.1£32A 44413 9.7+1.8Ba
150 2744618 46+15Ab 6.8+3.1A 434£1.2A 1043Ca
Cluster G3
90 29.84+6.4ABb 3.8+08 6+22 424+1.1AB 85+19b
120 33.946.2Aab 43+£15A8 6.1+£25AB 5+14 14.74+3.7Aa
150 373+64Aa 364078 6+25AB 46+2A 14434Aa

DMC dry matter content, AC ash content, CF crude fiber, TPC total protein content, TSS total soluble solids

Different capital letters indicate significant differences among clusters at the same harvest time, and lower-case letters indicate significant differences among harvest
time in the respective clusters determined by the LSD test (p <0.01); *g/100 g of dry weight

environments, genotypes, and their interaction (G x E)
on the proximate composition in storage roots of sweet-
potato. The results showed a significant contribution
of the environment and the genotype to the total vari-
ance. The effect of the environment was higher than the
genotype for all root quality parameters at 90, 120, and
150 DAP (Additional file 1: Table S1). The GxE interac-
tion was significant for DMC, AC, and CF at 90 and 120
DAP, and for TPC, only a significant contribution was
observed at 150 DAP. The variance of the error remained
within the permitted margins for the measurement of the
variables under study.

The selected genotypes were tested through a multi-
local evaluation and were harvested at 120 to 150 DAP,
according to the maturity period. The combined analy-
sis showed that all sources of variation were significant
according to the additive main effects and multiplica-
tive interaction (AMMI) model assuming location and
season as the aggregate single environmental factor
(Table 6). A higher contribution of the genotype to the
total variance for DMC compared to the environment
was found. The environment showed a high and signifi-
cant contribution for AC, TPC, CF, and TSS compared
to the genotype and the GxE interaction. Furthermore,
this interaction was significant only for CF and TSS. The

mean comparison confirmed, as discussed above, that
white- or cream-fleshed genotypes showed significantly
higher DMC compared to orange-fleshed, as observed in
genotypes 0113-672.COR and 0113-634.VAL (Table 7),
which are yellow—orange fleshed genotypes with low
DMC. In contrast, these genotypes showed higher AC
values compared to white and purple genotypes, and the
TPC content was comparable to purple-fleshed geno-
types (0113-656.COR), which also showed the highest
TSS content. Environmental conditions influenced the
evaluated quality traits differently; in general, environ-
mental conditions that influenced positively DMC gener-
ated lower AC and TPC values (Table 7).

The environments of Carmen B and Cerete induced
DM accumulation in a range value from 31.2 to 36%,
showing a good level of AC and TPC. The conditions in
Corozal promoted the accumulation of TSS. The high-
est overall average of DMC was found in the genotype
Criolla.V with 41.5%, which presented phenotypic sta-
bility throughout the environments. This genotype,
together with 0113-660.VAL was associated with the
Corozal_2015B environment (Fig. 4a). Despite their
high content of DMC, genotypes 0113-656.COR, Cri-
olla, and 0113-664.VAL showed instability. The environ-
ments of Corozal 2016B and Codazzi 2015 were the

(See figure on next page.)

Fig. 3 Effect of environmental conditions and harvest time on proximate composition in the sweetpotato genotypes assessed. a Mean comparison
in proximate composition between five locations. b The response of the evaluated sweetpotato genotypes to harvest time at 90, 120, and 150 DAP
in selected environments/seasons. Note: maximum values are represented by an intense blue or red color, and minimum values are represented

by light red or blue, or intense green color. AC ash content, CF crude fiber, TPC total protein content, DMC dry matter content, 7SS total soluble
solids, DAP days after planting, MT mean temperature, AR accumulated rainfall. ND no data available. Different letters show significant differences,
according to Tukey's test (p <0.01). *measured in g/100 g of dry weight, **measured in °Brix
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Table 5 Pearson’s correlation between harvest
in sweetpotato genotypes
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time, environmental conditions and selected quality features

Traits N DAP DMC TPC AC CF TSS Temperature
Combined analysis

DAP 120 1

DMC 119 0.22%

TPC 120 —0.14 —0.34**

AC 120 —0.1 —0.45%* 0.34**

CF 120 —0.28* —0.36** 0.52%** 0.39%**

TSS 97 0.31* 0.34** —0.08 —0.3* —-02

Temperature 120 0.34** 0.15 —0.55%** —0.35%* —0.42%% 0.44%**

Rainfall 120 —0.27* —021* 0.42%** 0.38*** 0.53%* —0.4%% —0.65***

DAP days after planting, DMC dry matter content, AC ash content, CF crude fiber, TPC total protein content, TSS total soluble solids

**%(p < 0.0001), **(p < 0.001), *(p<0.01)

Table 6 Combined analysis and additive main effects and multiplicative interaction (AMMI) analysis of variance
for selected quality traits in nine sweetpotato genotypes across nine environments

Effect Df. DMC AC TPC CF TSS

Genotype 9 694.61%** 15.42%%* 23.90%** 543%* 75.29%**
Environ. 8 414.98%%* 18.82%** 113,577 21.24%%% 117.20%%*
Genotype*environ. 57 39.85%** 2.02%** 3.98% 3.84%% 12,497
Residuals 161 6.66 0.34 1.52 1.24 2.33

PC1 128.4**%(64.8%) 4.82%%%(53.8%) 10.09%*%(53.9%) 6.03**%(34.3%) 23.43%%(43.1%)
PC2 37.3**%(16.5%) 3.10"*%(30.3%) 4.57**%*(21.4%) 6.26%%(31.2%) 16.86%%%(27.1%)

df degrees of freedom, AC: DMC dry matter content, ash content, CF crude fiber, TPC total protein content, Environ. environment

The values correspond to the mean square in the evaluated traits. *** (p <0.0001), ** (p <0.001), * (p<0.01)

ones that contributed most to the variance of the inter-
action. In relation to the GxE interaction associated with
the accumulation of AC (Fig. 4b), with the exception of
0113-634.VAL, the genotypes with the highest value for
this parameter, were unstable. In this sense, genotypes
Criolla, Criolla.V, and 0113-656.COR were stable, and
the environments Corozal 2015B and Cerete_2015A
contributed to the highest variance of the interaction.
The variance for the GxE interaction indicated higher
stability of the genotypes 0113-671.VAL and 0113-668.
VAL for TPC and the interaction was significant for
the four locations (Fig. 4c). Genotype 0113-672.COR
showed the highest overall average CF, but exhibited
instability across environments (Fig. 4d). Nevertheless,
at least three environments (Corozal, Carmen-B_2016,
and Cerete_2016B) affected the variance of the interac-
tion for CF. Genotypes, 0113-634.VAL, 0113-668.VAL
and 0113-671.VAL were stable and were also associated
with the environments Carmen-B_2015B, Cerete_2015B,
and Tolu_2016B, respectively. Genotypes Criolla.V, Cri-
olla, 0113-660.VAL and 0113-664.VAL were stable for
TSS. Cerete_2016B and Codazzi_2015 were the environ-
ments that contributed most to this interaction (Fig. 4e).

The most significant contributor to the variance was the
environment, followed by the genotype. Nonetheless,
the interaction suggested that some genotypes were not
stable across environments, responding differently to
distinct environments. Highly contrasting locations and
seasons contributed to the high variance for all the proxi-
mate compounds, confirming our previous observations
described above concerning rainfall, temperature, and
soil conditions.

Discussion

The diversity reported in this study was consistent with
the information registered for sweetpotato, where more
than 6,000 cultivars have been reported, including lan-
draces, production lines, and improved cultivars, differ-
entiated by the color of their skin (creamy-white, yellow,
orange, brown, or purple) and their flesh (white, yellow,
orange, pink, or purple), their texture (soft or rough), and
their uses (direct consumption and industrial processing)
[39, 55]. This vast phenotypical diversity in sweetpotato
directly influences the nutrient content. However, the vis-
ual differences can be improved and expanded by quan-
tifying either by RGB images or colorimetry techniques
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Table 7 Mean values in proximate composition in nine selected sweetpotato genotypes and environments

Group Days DMC (%) AC* TPC* CF* TSS (°Brix)
to maturity
Genotype:
0113-671.VAL G1 120 33.7143.58de 451+141bc 546+ 2.79ab 3.75+142b 8.98 +£4.09b
0113-657.VAL G1 120 32.67+5.65e 386+ 1.14cd 454225b 4524 1.6ab 9.12+4.38b
0113-660.VAL G1 150 372+464bcd  3.6440.75cd 59+ 1.87ab 3.83£1.55b 10.5443.14b
0113-668.VAL G1 120 34.53de£4.03c 385+14cd 514+2b 4.141.53ab 1048+£2.29b
0113-664.VAL G1 150 37.03+584bcd  3.4640.88d 5.73£2.07ab 3.78+142b 10.54+1.94b
Criolla G1 120 38.77+7.02abc  3.244+0.39d 4764149 4724+192ab 11.05+2.45b
Criolla G1 150 41.5+435a 333+0.55d 5.32+236ab 467 +1.68ab 11.13£2.66b
0113-672.COR G2 120 23.6+£4329 552+ 1.34a 6.42 £ 2.36ab 524+ 1.54a 9.22+161b
0113-634.VAL G2 120 28,04 +3.82f 5.1+ 146ab 72£3.07a 4.56+1.28ab 10.16+1.88b
0113-656.COR G3 150 38.86+5.82ab 346+0.72d 6.4+ 2.44ab 43941.72ab 1456 +353a
Environment:
Codazzi_2015 278+7e 4+ 0,8bcd 53+2.2c 33+13c 11.6+1.3ab
Corozal_2015B 32.8+5.8bcd 47 42.1bc 474+22cd 39+1.2bc 11.7 £ 2.6ab
Corozal_20168B 38+94a 29+06e 64 1.5bc 47+1.7ab 129428a
Carmen-B_20158B 31.3+6¢cde 494+0.7b 102+13a 344+09c 11.7+2.1ab
Carmen-B_2016B 36.5+4.6ab 440.7bcd 6.8+2.4b 49414ab 9.7+1.7b
Cerete_2015A 28.5+4.9de 58+2a 49+14cd 3.54+09¢ 11.6+4.8ab
Cerete_2015B 314+£54cde 4.141.2bcd 6.8+ 1.2b 35+1.1c 10.2+3.3b
Cerete_20168B 36+ 5.5abc 38+08cd 38+1.3d 53+18a 6.7 £3.6C
Tolu_2016B 36.9+4.8ab 3.7+£0.8de 3.7+1.1d 52+ 16a 11.3+2.1ab

DMC dry matter content, AC ash content, CF crude fiber, TPC total protein content, TSS total soluble solids

Groups correspond to previously described clusters obtained by HCA. Different letters show significant differences determined by Tukey’s test (p <0.01); *g/100 g of

dry weight

that respond to several types of pigments such as antho-
cyanidins that show red or purple colors, 3-carotene that
is observed as yellow or orange, and flavonoids, which
display a yellow color [45]. In this study, R, G, and B pixel
values were measured employing an image analysis, and
surprisingly, these were related to quality attributes esti-
mated through the proximate analysis. The hierarchical
analysis discriminated three groups that were differen-
tiated by pixel values, and later, by the proximate com-
position, demonstrating the enormous potential of this
cost-effective phenotypic characterization to determine
crop diversity and recognize the potential use-value of
a particular genotype. Therefore, these results consist-
ently showed that color description by quantifying pixel
values was a method that exceedingly improves color dif-
ferentiation in plants [22]. R, G, and B pixel values were
efficient parameters for food quality determination in

sweetpotato, as previously reported in other crops such
as quinoa [16], and for fruit ripening quality in mango
[12], citrus [19], and plum [21]. In this study, low B
pixel values were found in pigmented genotypes (yellow,
orange, and purple-fleshed storage roots) that, beyond
their pigments, were also related to ash and protein accu-
mulation, especially in yellow—orange genotypes. Moreo-
ver, cream and white-fleshed genotypes showed higher
DMC compared to yellow and orange-fleshed genotypes,
and consistently, a positive correlation with B pixel val-
ues was found. Purple flesh genotypes showed similar
DMC and higher CF and TSS values compared to white
genotypes. The positive correlation of DMC with B pixel
values was consistent with previous reports that showed
how the DMC in sweetpotato declines with increasing
carotenoid content [47]. However, consistent with pre-
vious reports, the orange color was notable for its high

(See figure on next page.)

Fig. 4 The additive main effects and multiplicative interaction (AMMI) model biplot for proximate compounds in nine sweetpotato genotypes
an in nine environments. a Biplot for dry matter content (DMC), b biplot for ash content (AC), ¢ biplot for total protein content (TPC), d biplot for
crude fiber (CF), and e biplot for total soluble solids (TSS). Ci1: Codazzi_2015, Cl1: Corozal_2015B, CI2: Corozal_2016B, CB1: Carmen-B_2015B, CB2:
Carmen-B_2016B, Ce1: Cerete_2015A, Ce2: Cerete_2015B, Ce3: Cerete_2016B, and T1: Tolu_2016B
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protein content (>4.85%) and B-carotenes. The creamy-
white or pale-yellow colors are due to the amount of
carotenoid in the storage root. The attractive purple color
is due to a high percentage of proteins and fibers, and its
pigment is related to high levels of anthocyanin, which
has antioxidant properties [24]. Similarly to this study,
high contents of ash and crude fiber were previously
found in yellow and orange-fleshed varieties [10]. The
moderate proportion of protein is a valuable nutritional
factor in the pigmented genotypes due to its contribution
of essential amino acids, which makes its flour appre-
ciated to be used as a complement to cereal flours that
have small amounts of that amino acid. Purple genotypes
showed the highest TSS content, and no major relation
to flesh color was observed in accordance with previous
studies [8, 51].

In addition to genotypic diversity, this study showed a
large difference in the chemical composition of sweetpo-
tato according to its maturity state, climatic conditions,
soil type, and location. The proximate composition of
sweetpotato storage roots was a phenotypic trait with
wide plasticity concerning harvest time. White—cream
fleshed genotypes maintained or increased their high
DMC through time and induced a reduction in the pro-
portion of accumulated AC and TPC. Therefore, high
energetic and less nutritive roots are obtained at the
late harvest. In pigmented genotypes (yellow, orange,
and purple), DMC was stable or increased up to 120
DAP; these genotypes showed stability in AC and TPC,
and only their TSS exhibited an increase through time.
In pigmented genotypes, their nutritional quality was
preserved.

Physiologically, DMC is associated with the ability of
roots to attract photoassimilates from leaves [40]; how-
ever, it is a quality trait that could be highly influenced
by several factors such as the genotype, geographic
area, amount of light, root flesh color and storage con-
ditions [20, 25, 29, 48, 53, 56]. Although reports show
that DMC increases up to 150 DAP [43], the results in
this study suggest that DMC was affected by the har-
vest period independently in each genotype. Further,
orange-fleshed genotypes used in this study showed
consistent response as previously reported [32]. As
soon as the roots became physiologically mature (120
DAP), reduction in DMC occurs, probably associated
with reallocation for shoot growth. DMC is a parameter
associated with starch content, and it is an important
quality parameter in fresh consumption and also when
it is used to elaborate various food products, such as
preformed foods, restructured frying using a gelling
system from mashed potato and sweetpotato flour,
snacks, and spaghetti [37, 6]. Then, the desired DMC
value should be obtained according to its final use, and
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it would depend on the genotype, but also the growing
conditions of the crop.

In general, significant reductions in AC, TPC, and CF
were observed after 120 DAP, demonstrating that food
quality is affected under extended harvest periods simi-
lar to what has been found in cassava where a significant
reduction in protein content and minerals was observed
from harvest at 7 to 12 months [31]. Conversely, a signifi-
cant increase of TSS was observed in a study with eight
genotypes, demonstrating that late harvesting in some
genotypes improves the content of TSS as previously
reported by Tavares et al. [46].

Consistently, DMC was differentially affected by envi-
ronmental conditions, lower temperatures, and limited
water availability that promoted its accumulation [20].
Environmental differences observed among locations
could explain the response in the proximal composition
of the evaluated genotypes, where the Codazzi location
showed an alkaline pH, which is associated with lower
P and micronutrient solubility; therefore, the proxi-
mal composition was affected. In contrast, Cerete and
Carmen B showed neutral pH and higher organic mat-
ter, guaranteeing major nutrient availability in the soils.
However, rain events and temperature could be the envi-
ronmental factors that could have influenced crop grow-
ing conditions directly. The abundance of organic matter
and micronutrients in soils of Cerete and Carmen B influ-
enced a higher accumulation of AC and TPC positively,
and the higher nutrient availability in soils promoted
better nutritional quality in storage roots, as previously
reported in fertilizer applications in various studies [1,
13, 50]. In those locations, water availability and soil tex-
ture directly influenced the pH and nutrient availability
[26, 27]. Consistently, dry conditions improved TSS due
to high solar radiation availability, which increases pho-
toassimilates, and apparently, drainage efficiency [46].

The AMMI analysis was used to understand the effect
of environment, genotype, and their interaction (GxE);
the environment and the genotype showed a signifi-
cant contribution to the total variance. The effect of the
environment was higher compared to the genotype for
the parameters TPC, AC, CF, and TSS. DMC was most
influenced by the genotype, followed by the environment.
These results are consistent with previous reports that
showed a significant contribution of the genotype, the
environment, and the interaction of both (GxE), as well as
a high environmental contribution in DMC [11] and TPC
[49]. Although the magnitude of the GXE interaction was
not significant, the environment strongly influenced the
proximate composition; therefore, the selection for these
traits could be made in early breeding stages [48].



Rosero et al. Agric & Food Secur (2020) 9:14

Conclusions

The high diversity found in the evaluated sweetpotato
genotypes for food quality demonstrated the richness of
this crop and the potential of each genotype. R, G, and
B pixel values and the proximate composition were suc-
cessfully used as viable tools to characterize phenotypic
and compositional features, as well as their relation-
ship to establish food quality in sweetpotato. Further-
more, harvest time affected the proximate composition
in sweetpotato, thus determining the appropriate har-
vest period to improve the nutritional quality of the final
product. White—cream fleshed genotypes maintained or
increased their DMC as harvest time increased, repre-
senting an opportunity for the starch or flour industry.
Yellow—orange and purple-fleshed genotypes showed
high and/or stable AC, TPC, and CF levels. Thus, the
consumption of these genotypes with pigmented flesh
due to their better proximate composition that reflects a
high nutritional quality, should be recognized and used
integrally to improve the quality of a diet. Environmental
conditions are important factors, so they should be con-
sidered for improving the quality parameter when pro-
ducing sweetpotato; moreover, according to the findings
of this study, the presence of pre-harvest rain promotes
DMC translocation and loss. On the contrary, TPC, AC,
and CF can be kept stable or even increased, except in
environments with high temperatures that induce low
accumulation.

Methods

Plant material

Twenty sweetpotato genotypes included in the work-
ing collection of Agrosavia were evaluated in this study.
Although there is evidence of some genotypes being
introductions from other countries, all the genotypes
were collected in farms of sweetpotato producers. The
genotypes included in this study were the following:
0113-634.VAL, 0113-656.COR, 0113-657.VAL, 0113-
658.COR, 0113-659.VAL, 0113-660.VAL, 0113-662.VAL,
0113-663.VAL, 0113-664.VAL, 0113-665.VAL, 0113-666.
VAL, 0113-668.VAL, 0113-669.VAL, 0113-670.VAL,
0113-671.VAL, 0113-672.COR, 0113-673.VAL and 0113-
674.VAL. Furthermore, the genotypes Criolla and Criolla
V were used as local checks.

Study site and growth conditions

The selected sweetpotato genotypes were established in
six localities in dry and wetland zones in the Caribbean
region of Colombia, as follows: Cerete, Carmen de Boli-
var (Carmen B), Agustin Codazzi (Codazzi), Corozal,
Tolu, and Riohacha. The crop cycles evaluated were 2015
and 2016.
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The description of the environmental conditions, such
as average temperature, rainfall, and edaphic conditions
found in the study site, is presented in Table 8. The soils
of the study site showed sandy-to-clay textures, and the
physicochemical characteristics are also found in Table 8.

Experimental design

The genotypes were established following two experi-
mental conditions, uniform yield test (UYT) and agro-
nomic evaluation test (AET), that comprised 26 and 52
plants, respectively. A randomized complete block design
(RCBD) was used in this study, with three or four repeti-
tions per site and a density of 25.000 plants/ha was used
(1.0 m between rows x 0.4 m between plants).

Images and color estimation

Root flesh color was measured by red (R), green (G), and
blue (B) (RGB) imaging using a Canon EOS 600D cam-
era configured at a similar depth and sensitivity (sensor)
settings for all genotypes. Light, time of exposure, and
distance between the specimens and the camera were
controlled entirely among the genotypes assessed.

Total soluble solids

Total soluble solids (TSS) were measured with a digi-
tal refractometer using a scale from 0 to 32+0.2 °Brix
equipped with automatic temperature compensation.
The refractive index was established in juice from several
sweetpotato root flesh samples, which were grated and
extracted by compression.

Bromatologic test description

For the bromatological assessment, about 200 g of roots
were sampled per replicate; root slices were dried in an
oven at 60+ 5 °C for 72 h. Dry matter content (DMC) was
established from the fresh and dry weights of the sample.
The crude protein content (TPC) was determined by the
Kjeldahl distillation unit (semi-micro) method accord-
ing to the AOAC 960.52 protocol (Association of Official
Analytical Chemists [5]), expressing the values in per-
centage of dry matter. Crude fiber (CF) was extracted by
acid hydrolysis according to the ISO 6865 method and
determined by filtration. Ash content (AC) was meas-
ured by burning the material in an oven at 550-660 °C,
according to the AOAC 942.05 method, and expressed as
a percentage of dry matter (AOAC, 1990).

Data analysis

R, G, and B pixel values were used to determine the
diversity in the genotypes evaluated through hierar-
chical analysis employing the hclust function and the
agglomeration UPMGA method using the ape library
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Table 8 Study site and soil fertility characteristics
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Characteristics Units Corozal Codazzi Cerete Carmen B Tolu Riohacha
Coordinates 9"17'34.38"'N, 17°00'01.2"'N, 8"50'27.47"N, "°42'50.8"N, "°29/21.6",07"°34"12.9"  11"07'15.05"N,
7720900 7"°15'224'  75"48'275"  7"°06'26.9'W w 72'59'22.87"
W W W W
Landscape Plains Foothills Plains Mountains and Hills and valley Hills
foothills
Mean temperature  (°C) 269 28.1 27.7 269 27.6 283
Annual rainfall (mm) 1,127 1,560 1,264 1,179 1,129 588
Soil texture Sandy-loam  Sandy-loam  Clayey Clay-loam Sandy Sandy
Soil characteristics:
pH 7.21 7.84 6.99 7.18 6.03 6.71
oM % 1.31 1.66 2.87 2.55 3.07 1.22
P mg/kg 15.78 150.30 10.09 28.83 20.38 29.83
S mag/kg 332 4.17 877 232 6.2 17.57
Ca cmol(+)/kg  17.29 13.04 14.79 21.74 18.68 9.68
Mg cmol(+)/kg 5.77 1.14 6.11 6.69 8.81 240
K cmol(+)/kg 030 0.31 0.50 0.20 092 0.24
Na cmol(+)/kg 040 032 0.20 0.29 218 0.80
CEC cmol(+)/kg  23.76 14.80 21.59 28.92 30.59 13.14
EC ds/m 0.19 0.61 092 0.20 03 092
Fe,, mag/kg 13.20 27.19 44.16 46.15 77.05 31.77
Cu,, ma/kg 128 287 590 129 315 1.29
Mn,, mag/kg <1.00 3.20 <1.00 13.22 16.82 2.96
Zn,, mg/kg <1.00 1.28 1.04 1.20 3.08 132
B, ma/kg 0.23 0.21 0.27 0.51 0.26 049
Harvest period (year) 2015 2015 2015A 2015 2016 2015
2016 2016 2015B 2016
2016

*pH water: soil 2.5:1.0, organic matter (OM), phosphorus (P) Bray I, sulfur (S) monocalcium phosphate, calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na),
cation exchange capacity (CEC), electric conductivity (EC) 2.5:1.0 relation, available iron (Fe), copper (Cu), manganese (Mn), zinc (Zn) and boron (B)

[34]. The heatmap was elaborated using the ggplot2
library [52]. A joint analysis of variance was used to
test the effects of the genotype (G) and the environ-
ment (E), as well as the magnitude of the G x E inter-
action. The AMMI analysis was used to determine the
main or additive genotype and environmental effects,
and the multiplicative effects for the G x E interaction
in selected genotypes from the G1, G2 and G3 groups
(six genotypes with cream—white flesh, two with orange
flesh, and one with purple flesh were selected, respec-
tively). Tukey’s multiple comparison test was used for
the mean comparison test between genotypes, loca-
tions, and harvest times (« =0.05). R software (version
3.4.0) was used for the analyses.
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variance component analysis for selected quality traits among 20 sweet-
potato genotypes at different harvest times.
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