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Abstract The objective of this study was to iden-
tify the aptitude of sweet potato genotypes derived
from botanical seeds and select them for the aptitudes
human consumption, ethanol production, and animal
feed through separate indices. A row—column incom-
plete block design was used, restricting relatedness in
the draw. A total of 1604 half-sib genotypes result-
ing from recombination of 55 clones from the germ-
plasm collection of the Federal University of Lavras
were evaluated. The accessions UFVJM 58 and
UFVJM 61 were used as controls, for a total of 1606
treatments. The aptitude indices corresponded to the
mean values of the 10 traits evaluated, with weights
assigned to each trait according to the aptitude of
interest. The data of all three aptitudes were trans-
formed and standardized. Then, using the Zi index
and with 2.5% selection pressure, the most promising
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genotypes were selected through the best linear unbi-
ased predictor according to the traits evaluated and
the aptitude of interest. Sixty genotypes were selected
(out of 1604 tested) based on one or more of the
three reported aptitudes: 25 showed a single aptitude,
whereas 20 showed dual aptitude and 15 showed tri-
ple. The data obtained will provide information for
breeding programmes of the sweet potato crop. There
is great genetic variability for the traits evaluated,
facilitating the selection of new genotypes, with the
possibility of obtaining new cultivars important for
national food sovereignty and making a significant
social contribution.

Keywords Ipomoea batatas - Human consumption -
Animal feed - Bioethanol - Energy production -
Agricultural experimentation

Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) is culti-
vated in 111 countries, with a global production of
105.19 million tons in an area of approximately 8.62
million hectares (Faostat 2018). Its main use is for
human consumption because it is a source of energy,
vitamins, and minerals (Vieira et al. 2015). The plant
also has potential as a functional food, given the pres-
ence of bioactive compounds such as carotenoids
and anthocyanins (Vizzotto et al. 2017; Laurie et al.
2017; Zhang et al. 2016), antioxidants (Vizzotto et al.
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2017), and phytonutrients (Sweet Potato 2014; Sun
etal. 2019).

The crop has great genetic diversity, which is of
great relevance for breeding. This is due to the high
recombination potential within the species. King and
Bamford (1937) counted the chromosomes of 13 spe-
cies of Ipomoea and found that only 1. batatas had 90
chromosomes, which explains the great diversity. In
addition, the crop is strictly allogamous, hexaploid
(2n=6x=90) and self-incompatible (King and Bam-
ford 1937), which gives it a high degree of heterozy-
gosity in segregating populations. Other species of
Ipomoea show less genetic diversity, especially due to
the lower number of chromosomes, with Ipomoea tri-
fida 2n=2x=230), I. splendor-sylvae (2n=2x=230),
L tenuissima (2n=2x=230), L. leucanta 2n=2x=30)
and I tabascana (2n=4x=60) (Sun et al. 2019).
Therefore, sweet potato botanical seeds have high
potential for use in breeding programmes to obtain
new varieties (Folquer 1978). This is because each
seed obtained may give rise to a new commercial
genotype (Torquato-Tavares et al. 2017). This pro-
cess of recombination, seed obtainment, and screen-
ing is the basis for the selection and breeding of the
sweet potato crop, which may involve several stages
of polycrosses and recurrent selection (CIP 2009).

In Brazil, sweet potato has a high number of geno-
types presumably from crosses along its domestica-
tion (Torquato-Tavares et al. 2017). This has resulted
in various potential uses for the species, such as
ethanol production, forage production for animal
feed, and, especially, human consumption (Torquato-
Tavares et al. 2017; Ferreira et al. 2019a; Donato
et al. 2020). With the exception of its use for human
consumption, the potential diverse agronomic apti-
tudes of the crop have been hardly exploited, even
in well-established breeding programmes. Thus, it is
important to research these new uses and to dissemi-
nate genotypes adapted to different potentialities and
regions.

Most sweet potato cultivars were developed mainly
for human consumption, due to the high nutritive
value of the storage roots of the crop. However, the
plant has a high potential for ethanol production and
animal feed, which makes it increasingly necessary to
identify these new agronomic demands in crop breed-
ing (Gongalves Neto et al. 2011).

Sweet potato stems and leaves are rich in starch,
sugars and vitamins, in addition to having high
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percentages of crude protein and good digestibility
(Monteiro et al. 2007). However, they are commonly
discarded after the roots are harvested, generating
waste of a strategic food for the animals. In countries
such as China and Vietnam, the stems and leaves are
used pure or in association with roots as swine feed,
either in fresh form or preserved as silage (Monteiro
et al. 2007). Viana et al. (2011) highlights that the
silage of sweet potato stems and leaves has protein,
energy and fermentative contents suitable for animal
feed, especially for ruminants. Silages produced from
sweet potato stems and leaves have an average of
11.6% crude protein and 63.0% total digestible nutri-
ents (TDN), in addition to low fiber content (Figue-
iredo et al. 2012; Azevedo et al. 2015), demonstrating
the high nutritive value of this food.

As for the production of ethanol, studies indicate
that sweet potato may have a higher biofuel yield than
common crops such as sugarcane and corn (Viana
et al. 2017). In addition, yeast cake from fermentation
can also be provided as a component for animal nutri-
tion, as it is a source of protein (Bennett 2015; Piet-
rosemoli et al. 2016). Another advantage is the lower
cost of ethanol produced from sweet potatoes, as the
cost of raw materials is generally lower. This indicates
the high competitiveness of sweet potato in relation
to bioenergetic crops, in addition to ecological, social
and sustainable advantages. It is also possible to add
value to the ethanol produced with sweet potatoes,
using the best quality ethanol (absence of aldehydes
and ketones) for the production of noble alcoholic
beverages (Pellegrini 2014). Viana et al. (2017) iden-
tified promising sweet potato genotypes in research
related to ethanol production, with effective yield val-
ues of up to 5,930 L ha™! in 180 days of production
and 11,860 L ha™! year™!, surpassing the potential
verified for sugarcane in Brazil. However, it is impor-
tant to note that, in general, root yields in Brazil are
still low, which directly compromises starch produc-
tion and, consequently, ethanol yield. Therefore, the
selection of cultivars for different purposes, such as
human consumption, animal feed and ethanol produc-
tion can provide yields of 25-30 Mg ha™! in four to
five months of cultivation, due to better exploitation
of the genetic potential of the species (Andrade Jinior
et al. 2009, 2012, 2018; Amaro et al. 2017).

In the selection of sweet potato genotypes for
different agronomic aptitudes, the use of selection
indices with specific weights for traits considered
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important for human consumption, animal feed, and
ethanol production is a useful and efficient tool for
selection (Gongalves Neto et al. 2011; Camargo et al.
2016). Instead of traditional statistical tools, more
refined strategies can maximize the use of indices in
selection, increasing their efficiency. Among these
tools, techniques that adopt mixed models have stood
out, such as best linear unbiased prediction (BLUP),
developed by C. R. Henderson in the 1940s (Ber-
nardo 2002). BLUP is a statistical tool of greater
precision for selection, showing advantages over the
analysis of variance method, especially in the case of
experiments with certain degrees of imbalance (Ber-
nardo 2002). In addition, the method provides high
efficiency in the classification and ranking of geno-
types (Borges et al. 2010).

The objective of this study is to identify different
aptitudes (human consumption, ethanol production,
animal feed) of sweet potato genotypes obtained from
botanical seeds, through the use of selection indices
based on mixed models.

Materials and methods
Experimental site and procedure

The experiment was conducted in the experimental
area of the Horticulture Sector of the Federal Univer-
sity of Lavras (UFLA), Lavras, Minas Gerais (MG),
Brazil, located at 21°14’S latitude, 45°00'W longi-
tude, and 918 m altitude. The soil of the site is clas-
sified as a typical Dystroferric Red Latosol (LVdf)
(Santos et al. 2013). The climate is Cwa in the Kop-
pen classification, with dry winters and predominant
rainfall in the summer, with an average annual total
precipitation of 1530 mm and an average annual tem-
perature of 19.4 °C.

Origin of mother plants and treatments

The genotypes were obtained from random inter-
crossing (polycrosses) of 55 clones from the sweet
potato germplasm bank of UFLA. The clones were
recombined in the field from February to November
2017 in the municipality of Lavras, MG, Brazil.

From the 32 clones that flowered, 2,000 botanical
seeds were obtained. The number of seeds collected
per progeny (=half sib family) varied according to

the flowering and seed production potential of each
progeny. These seeds were taken to the Laboratory
of Vegetable Evaluation of the Horticulture sector to
break seed-coat dormancy using sulfuric acid. The
chemical scarification of the seeds was performed
as proposed by Rossel et al. (2008). The seeds were
placed in germination boxes distributed equidistantly
on Germitest® paper with moisture kept constant
with distilled water. These boxes were labelled and
stored in Biosystems Organized Development (BOD)
incubators for germination, with a photoperiod of
12 h and a temperature of 25 °C, for 7 days. Of the
2,000 selected seeds, 81.35% germinated after treat-
ment with sulfuric acid, originating 1,627 seedlings.
After germination, the seedlings were transplanted
into 162-cell polyethylene trays containing comercial
substrate (Bioplant®) and kept under irrigation in a
greenhouse for 30 days.

Plants were then transplanted to
1.0-m-wide X 0.25-m-tall soil beds, spaced 0.25 m
between plants and 0.30 m between rows, with iden-
tification of the respective half sib family. The objec-
tive of this step was the production of stems for sub-
sequent cloning of each genotype (one individual
plant derived from a botanical seed). This phase of
initial branching is called “A—Clones” by the Inter-
national Potato Center (CIP 2009). At 90 days after
planting, three 0.30 m to 0.40 m segment of stem
(with six to eight internodes) of each genotype were
collected, and were planted in the ‘clonal evaluation’
stage in mounds.

Clonal evaluation

This stage (“screening” as called by the International
Potato Center 2009) was performed to evaluate and
characterize the 1627 genotypes obtained (treat-
ments). The experiment was done in the field in the
same location as the previous stages (Olericrop Sec-
tor of DAG-UFLA).

Initially, the soil of the area was analysed for sub-
sequent fertilization as recommended by CFSEMG
(1999). There was no need for liming. The soil was
prepared using one subsoiling and two harrowing
procedures. Then mounds, spaced 1.0 m apart, were
prepared with the aid of a furrower. The fertilization
at planting consisted of 700 kg ha™! of the NPK fer-
tilizer with formula 04-14-08. At planting, 28, 41 and
47.5 kg ha™! of N, P and K were applied, respectively,
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and 10 Mg ha™! of organic compost. After planting,
a single top-dressing fertilization was performed with
30 kg ha™! of nitrogen using 150 kg ha™' of ammo-
nium sulfate (20% N) in a single dose at 30 days after
planting.

Sweet potato stems were planted on April 26,
2018, and harvested on October 29, 2018, 185 days
after planting. The spacing used was 0.30 m between
plants, and there were three plants per plot. The plant-
ing depth of the branch was 0.15 m, and the spacing
between rows was 1.0 m, corresponding to a popu-
lation of 33,333 plants ha~!. Replanting was per-
formed periodically up to the 15th day after planting
to maintain the three plants of the experimental unit.
Plots that did not survive were replaced by controls,
totalling 96 plots of these genotypes. The plants were
monitored and showed no need for any pest and dis-
ease control measures. Weed management was per-
formed according to crop needs. Sprinkler irrigation
was performed using a linear low-density polyethyl-
ene hose line with laser-drilled holes.

Experimental design and treatments

The experimental design used was a row—column
incomplete block design (IBD), similar to an IBD
with Honyaku design (Federer 1956). The regular
treatments consisted of 1,604 half-sib sweet potato
genotypes from 32 half sib families and two control
treatments, UFVIM 58 and UFVIM 61. To quantify
the pure experimental error, the controls were evalu-
ated with replications: 49 plots of genotype UFVIM
58 and 47 plots of UFVIM 61 were included, thus
totalling of 1700 plots in the experiment. After ran-
domization treatment labels were exchanged to mini-
mize relatedness within blocks.

For this design we established local control in
two directions, both in the rows and in the columns.
Experiment was laid in a rectangular area with
1700 experimental units arranjed in 17 row blocks
(mounds), which measured 90.0x 1.0 m, containing
100 experimental units each (column blocks). The
total area of the experiment was 0.18 ha (90 X 20 m).

Variables evaluated

The following traits were evaluated in each experi-
mental unit:

@ Springer

(a) Green mass yield (stems+leaves): At the time
of harvest, the total green mass of each plot
was measured by collecting all aerial part of the
plants of the, which were weighed and expressed
in Mg ha™!;

(b) Root cluster: At the time of root harvest, accord-
ing to the arrangement of the tuberized roots in
the mound, root clustering was evaluated accord-
ing to Huaméan (1999), in which three evaluators
classified the root cluster as either closed (3),
open (5), disperse (7), or very disperse (9).

(c) Total root yield: evaluated by weighing all the
roots of each plot, with values expressed in Mg
ha™".

(d) General shape of the storage root: was evaluated
by assigning scores from 1 to 5 by two evalua-
tors (Azevedo et al. 2002; Huaméan 1992): score
1 =root with a fusiform, regular shape, without
veins or any type of crack (long elliptic); 2 =root
with good shape, close to fusiform, with some
veins (elliptic); 3 =root with uneven shape, with
veins and a very irregular shape (round elliptic/
round + veins); 4=very large roots, with veins
and cracks, commercially undesirable (round
elliptic/round + veins +cracks); and 5=roots
totally outside the commercial standards, very
irregular and deformed, with many veins and
cracks (long irregular/curved/round elliptic/
round + veins + cracks).

(e) Resistance to soil insects: evaluated according to
Azevedo et al. (2014), in which two evaluators
classified the roots as 1=free from insect dam-
age; 2=little damage; 3 =damages that impair
its appearance for sale; 4 =damage that made it
practically unacceptable for sale; and 5 =damage
that made it unacceptable for sale.

(f) Predominant colour of the root skin: evaluated as
proposed by Huaman (1999), in which two evalu-
ators classified it as 1 =white, 2 =cream, 3 =yel-
low, 4=orange, 5=brownish orange, 6=pink,
7=red, 8 =purple red, and 9 =dark purple.

(g) Predominant coloration of the storage root flesh
for commerce and industry in general: evaluated
as proposed by Huamén (1999), in which two
evaluators classified it as 1=white, 2=cream,
3=dark cream, 4=pale yellow, 5=dark yellow,
6 =pale orange, 7 =intermediate orange, 8§ =dark
orange, 9 =strongly pigmented (purple/orange).
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(h) Production of beta-carotene and anthocyanins,
functional food: evaluated as proposed by Hua-
man (1999), in which two evaluators classified it
as 1=white, 2=cream, 3 =dark cream, 4 =pale
yellow, 5 =dark yellow, 6 =pale orange, 7 =inter-
mediate orange, 8 =dark orange, 9 =strongly pig-
mented with anthocyanins (purple).

(1) Intensity of the predominant colour of the stor-
age root flesh: it was evaluated from the scores
of two evaluators, with values from 1 to 3, where
1 =pale, 2 =intermediate, and 3 =dark.

() Commercial standard: was evaluated by two
evaluators, with scores of 1=worst standard and
completely outside the commercial standards;
2 =very large, deformed roots with many defects;
3 =roots with characteristics that would hinder its
sale; 4=roots with good characteristics for sale,
with few defects; 5=roots with excellent condi-
tion and characteristics favourable to sale.

At the time of harvest, the plots that did not have
tuberized roots or that weighed less than 1.2 kg
were discarded. This value represents approximately
13.5 Mg ha~!, which is close to the national aver-
age yield (14.07 Mg ha™! of roots). Roots of purple,
orange, or yellow storage root flesh were not dis-
carded because they are biofortified and important in
breeding as a functional food due to their bioactive
compounds.

Statistical analysis

The data were initially transformed to meet the
assumption of normal distribution and to ensure the
additivity of the index that would be analysed. For
data obtained by scores, the mean of the evaluators
was evaluated. The transformation procedure was as
follows:

(a) Box-Cox transformation (1964):

y)
(1)
N=—— (1)
(b) Standardization of the variables and resulting
indices for each of the aptitudes:

(v — mean(y,))

©= Cndaddev. () @

(c) Fitting the mixed linear model and obtaining the
BLUPs of families and genotypes, according to
Henderson (1984):

y=Xb+Za+e 3)

with the following distributions and structures of
means and variances:

an ~ N(0, G)
¢ ~ N(O,R) S

where y—vector of observations, y—vector of trans-
formed observations (for variables that required
transformation), A—power parameter in the transfor-
mation (described in Box and Cox, 1964), b—para-
metric vector of fixed effects, with incidence matrix
X, a—parametric vector of random effects, with inci-
dence matrix Z, e—vector of random errors, G—vari-
ance—covariance matrix of random effects, R—vari-
ance—covariance matrix of random errors, O—null
vector.

For each of the proposed aptitudes (ethanol pro-
duction, animal feed, and human consumption), a
selection index was estimated that corresponded to
the weighting of the means of the standardized vari-
ables (Z;) by the weights assigned to each trait, as
adapted from Gongalves Neto et al. (2011) for each
aptitude (Table 1). Other coefficients were tested for
the indices, which were chosen because they yielded
better results in terms of dispersion between the
BLUP values of the genetic materials and resulted in
the selection of different genotypes for each aptitude.

The weightings indicated represented the rela-
tive importance of each trait for the aptitude index
considered (Gongalves Neto et al. 2011). Thus, total
root yield was the factor with the greatest weighting
in the aptitude for biofuel ethanol, followed by root
cluster. For human consumption, total root yield is
most important, followed by the general commercial
standard and visual physical quality. For animal feed,
the total root yield and green mass yield are the most
important (Gongalves Neto et al. 2011). The weights
were negative for the general shape of storage roots,
resistance to soil insects, and colour of the root stor-
age root flesh for sale and industry in general, for

@ Springer
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Table 1 Weights assigned to the traits of relevance for each aptitude in 1604 sweet potato genotypes evaluated in the municipality of

Lavras. Lavras, MG, Brazil, 2018

Characteristics Ethanol production® Animal feed® Human
consumption®

Root cluster 5 1 5

Total root yield 10 7 10

Resistance to soil insects -5 -5 -5

Predominant colour of the root skin 0 0 1

Predominant coloration of the storage root flesh for commerce and 0 0 -1
industry in general

Production of beta-carotene and anthocyanins, functional food 0 0

Intensity of the predominant colour of the storage root flesh 0 1

General shape of the storage root 0 0 -

Green mass yield 2 7

Commercial standard 0 0 10

Total weights 22 21 49

*Negative weights, since high absolute values are considered undesirable

which high numerical values on the scales used are
considered undesirable.

The best-suited genotypes that were included in
the 2.5% selection pressure index for each aptitude
were considered suitable. We selected approximately
20-40 potential genotypes for each proposed aptitude.

The IBD was analysed using a mixed model, with
random effects of progenies and clones within proge-
nies. The two clones used as controls were the param-
eter for estimating the pure experimental error. The
other tests and inferences were those commonly used
for random effects (Bueno and Vencovsky 2000). All
data analyses were performed with R statistical soft-
ware (R Core Team 2018).

Results and discussion

Considering the criterion of initially discarding geno-
types with data from the least promising plots at the
time of harvest, 858 genotypes (53.42%) of the 1606
evaluated were discarded, as were the 23 genotypes
that did not set. This removal of genotypes with
lower productivity is important because it selects the
most favorable for crop breeding. On the other hand,
maintaining genotypes with purple, orange, and yel-
low storage root flesh allows the establishment of
improvements for the production of biofortified and
functional foods. These roots have bioactive com-
pounds essential to human health, such as pro-vitamin
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A and anthocyanin compounds (Vizzotto et al. 2017),
and have the potential for use in new selection or
breeding programmes targeting biofortification.

A total of 842 remaining plots, including 96 of
the controls, all were effectively evaluated for the 10
traits studied. The mean root yield of the 746 geno-
types evaluated in the experiment, excluding the con-
trols, was 27.71 Mg ha~!. This value was approxi-
mately double the national average for Brazil and the
world, which is 14.07 Mg ha~! and 12.26 Mg ha™!
for roots, respectively (Andrade Janior et al. 2018;
Faostat 2018). These data show the agronomic poten-
tial of these experimental genotypes for the breeding
of the crop.

Selection at the genotype level (individual derived
from botanical seed)

It was possible to identify, among the 748 geno-
types effectively evaluated, those most promising for
selection. Given the many promising genotypes, the
application of a selection pressure of 2.5% for each
aptitude allowed the identification of 60 genotypes
recommended for the three proposed aptitudes overall
(Fig. 1A, B, C).

In the BLUP graph of the effect of the selection
index, the genotypes are shown by zooming in the
original graph, corresponding only to the best geno-
types selected for each aptitude of interest. The value
“0” on the ordinate axis (y) of the graph indicates the
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mean of the genetic values derived from the traits of
the best genotypes selected based on the established
index. The genotypes shown in the graphs are there-
fore those selectable within each proposed aptitude.

The 60 selectable genotypes belonged to a total
of 16 of the 32 half sib families (Table 2). This rein-
forces the potential of these families as sources of
the best genotypes for each aptitude of interest, once
again showing their potential for future breeding pro-
grammes. In the selection for ethanol production,
37 half-sib genotypes and the two controls (UFVIM
58 and UFVIM 61) were indicated for that aptitude
(Fig. 1A and Table 2). For the animal feed, 36 and
again the two controls were indicated (Fig. 1B and
Table 2). For human consumption, 38 genotypes plus
one control (UFVJM 58) were indicated (Fig. 1C and
Table 2). Within the group of 60 selectable geno-
types, some had multiple aptitudes (Table 2).

The sweet potato genotypes derived from botanical
seeds showed great variation in the 10 traits analysed.
The total root yield of the 748 genotypes ranged
from 125.78 Mg ha~! to 0.56 Mg ha™!, and the green
mass yield was between 204.44 and 1.11 Mg ha™!,
which defined the aptitude of the selected genotypes
(Table 2).

The selection of the 60 genotypes took into account
the chance of each one presenting the most favourable
weights of the 10 traits for each proposed aptitude.
Thus, the selected genotype has a combination in the
optimal linear standardization that meets the weights
for the reported aptitude. Therefore, some genotypes
were not selected because they had unfavourable
traits that, when combined, led to their ineptitude,
even with favourable results for some highly impor-
tant traits. This occurs because these traits show neg-
ative correlations or no correlation (Gongalves Neto
et al. 2012). That is, a trait can negatively influence
another trait of interest, leading to a sum of unfavour-
able factors and impairing its selection.

The fact that the UFVIM 61 and UFVJM 58 con-
trols were repeated 47 and 49 times, respectively,
resulted in greater accuracy in the measurement of
their means, yielding a better and more reliable deter-
mination of the genetic effect on the index. This may
have contributed to the fact that they presented indi-
ces above the standardized mean with greater confi-
dence for the selection of the three aptitudes at the
genotype level. Conversely, the experimental geno-
types, because they had only one replicate, showed
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standardized means with longer prediction intervals
(Fig. 1A, B, C). Even so, it was possible to iden-
tify the most promising genotypes in BLUP by their
genetic value, given the variability, number of indi-
viduals tested, and degree of relatedness included in
the selection.

Considering the genotypes with more than one
aptitude (multiple aptitude), six genotypes with apti-
tude for ethanol production and animal feed, eleven
with aptitude for animal feed and human consump-
tion, five with aptitude for human consumption and
ethanol production, and sixteen with triple aptitude
were selected (Table 2). Regarding the genotypes
that showed a single aptitude, five were indicated for
animal feeding, seven for human consumption, and
12 for ethanol production; ethanol production had
more genotypes due to its less demanding weights
(Table 2). The selection of genotypes with more than
one aptitude is good for producers because it provides
diversified and sustainable production, meaning bet-
ter use of the plant and greater profitability.

Andrade Janior et al. (2018), studying the quan-
titative and qualitative potential of 39 sweet potato
accessions from the germplasm bank of UFVJM and
nine commercial cultivars without the use of selec-
tion indices, found 6 accessions of the germplasm
bank of UFVJM and two commercial accessions with
potential aptitudes similar to the ones we found. It is
noteworthy that most of the genotypes selected by
Andrade Junior et al. (2018) are related to the mother
plants used in this study, once again demonstrating
their potential. The clones derived from UFVIM (1,
14, 18, and 58) were selected as superior genotypes in
both studies.

The mean root yield of the 60 selected genotypes
evaluated in this study was 30.6 Mg ha~!, and the
green mass yield was 45.41 Mg ha~!. The mean total
root yield and green mass of the controls (UFVIM
58 and UFVIM 61) were 3142 Mg ha™' and
47.08 Mg ha™!, respectively (Table 3). The similar
performance of the genotypes and controls reinforces
the potential of these selectable genotypes, given that
the controls were already selected by an advanced
breeding programme.

It is noteworthy, however, that 21 of the 60
selected genotypes showed root yields above the
mean of the best control (>32.97 Mg ha™!) and that
10 of these 60 also had green mass yields above the
mean of the best control (>59.95 Mg ha™!) (Table 3).
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Table 3 Branch yield in Mg ha™' (Br. yld.), root yield in Mg ha™! (Root yld.), root cluster score (Agr)

Genotype code Br. yld Agr¥  Rootyld. Mgha™' Sha* RSI* CS* SC* RFC* Int*
Year  Prog. Gen. Status  (Mgha ")

2018 1 49 AH 140.000 5 36.756 2 2 5 6 2 1
2018 1 11 E 46.667 5 33.333 3 2 2 6 2 1
2018 5 144 H 52222 7 37.578 3 1 3 3 9 1
2018 5 161 EAH 31.111 7 33.933 2 2 4 3 2 1
2018 5 107 E 18.889 5 21.000 1 2 4 3 2 1
2018 5 106 H 34.444 5 14.889 3 1 5 3 2 0
2018 8 238 EAH 62.222 7 50.000 3 2 4 6 2 1
2018 8 181 AH 62.778 5 41.356 2 2 5 6 1 3
2018 8 225 EAH 111.111 7 24.667 2 2 3 3 3 1
2018 8 220 EH 50.000 5 22.600 3 2 4 6 1 1
2018 8 221 EAH 16.667 5 13.222 3 2 3 8 2 1
2018 15 301 EH 26.667 5 46.422 3 3 3 6 2 2
2018 15 314 AH 37.778 7 38.800 3 2 3 2 2 2
2018 15 354 E 26.667 3 32.044 4 3 3 3 2 1
2018 15 290 A 52222 5 21.489 1 3 5 8 1 3
2018 19 404 H 47.778 5 51.356 3 2 3 6 1 1
2018 19 455 EH 56.667 7 39.067 3 2 3 8 9 1
2018 19 450 EAH  166.667 5 28.333 4 1 3 9 9 1
2018 28 556 E 88.889 9 91.111 1 2 5 3 2 1
2018 28 540 EAH 27.7178 9 40.044 3 2 3 3 2 1
2018 28 546 E 17.778 5 13.156 2 2 4 8 2 2
2018 29 660 AH 64.444 5 48.333 3 3 2 8 2 1
2018 29 622 H 38.889 3 40.222 4 3 3 3 2 1
2018 29 655 EAH 52.222 3 37.222 3 2 4 8 2 1
2018 29 648 H 38.889 9 21.800 4 2 3 6 3 1
2018 29 663 AH 55.556 9 20.778 3 2 3 6 1 1
2018 29 574 E 3.889 5 10.711 2 2 4 6 1 2
2018 31 695 E 57.778 5 22.222 2 3 4 3 9 1
2018 31 716 AH 33.333 5 19.756 2 1 5 8 2 2
2018 31 736 EH 13.333 5 13.978 3 2 4 3 2 1
2018 35 799 EAH 56.667 9 34.667 3 3 3 3 2 1
2018 35 765 EA 35.556 9 26.533 2 2 3 8 2 1
2018 35 791 EAH  103.333 9 21.333 2 1 3 6 7 2
2018 35 759 EAH 42.222 3 14.667 2 3 5 6 4 1
2018 36 829 A 100.000 5 24.889 2 2 3 3 2 2
2018 37 884 E 34.444 3 27.311 1 2 4 6 2 1
2018 46 1011 E 24.444 7 40911 1 1 5 6 1 3
2018 46 1000 AH 22222 3 34.311 2 2 4 3 2 1
2018 46 1008 EAH 50.000 9 32.933 3 2 3 8 2 2
2018 46 992 H 18.889 5 27.333 4 2 2 3 2 2
2018 46 1005 E 5.556 3 17.733 3 1 3 6 2 1
2018 46 987 E 16.667 3 11.578 1 2 5 3 2 2
2018 61 1164 AH 12.222 5 27.778 4 2 3 2 2 3
2018 65 1252  EAH 77.778 3 48.689 1 1 5 9 2 1

@ Springer
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Table 3 (continued)

Genotype code Br. yld Agr* Rootyld. Mgha™! Sha* RSI* CS* SC* RFC* Int*
Year  Prog. Gen. Status (Mg ha ™)

2018 65 1311 EH 31.111 5 39911 4 2 2 3 2 1
2018 65 1299  EAH 46.667 3 32.422 4 2 2 3 2 1
2018 65 1234  EAH 32.222 3 31.111 3 2 3 3 2 2
2018 65 1258  AH 45.556 5 25.667 1 2 5 3 2 1
2018 65 1210 A 35.556 3 24.578 1 3 5 3 1 3
2018 65 1235 E 12.222 3 21.667 1 1 5 9 2 1
2018 65 1231 EA 28.889 3 21.467 2 2 5 3 2 1
2018 65 1221 EA 11.111 5 19.600 2 3 4 3 1 3
2018 65 1319 EA 37.778 7 19.556 5 2 2 8 2 1
2018 65 1288 A 36.667 5 19.378 2 1 3 8 1 3
2018 65 1238 AH 22.222 7 18.778 2 2 3 3 2 1
2018 72 1436 A 34.444 5 22.022 2 2 5 6 9 2
2018 74 1538 AH 14.444 9 35.844 3 1 3 1 3 3
2018 74 1554 H 13.333 5 29.622 3 1 3 6 4 1
2018 74 1562  EAH 24.444 7 24.111 3 2 3 3 4 3
2018 74 1565 E 2222 9 23.889 3 2 3 3 4 1
2017 UFVIM-61 10001 EA 37.619 7 29.932 3 2 3 3 2 1
2017 UFVJM-58 10002 EAH 56.951 5 32.968 3 2 3 5 2 1

Mean scores for root shape (Sha), resistance to soil insects (RSI), commercial standard (CS), root skin colour (SC), storage root flesh
colour (RFC), and storage root flesh colour intensity (Int) values for the 60 sweet potato genotypes selected as suitable for ethanol
production, animal feed, and human consumption among the 1604 genotypes evaluated at UFLA, Lavras, MG, 2018

Prog progeny, Gen genotype, Aptitude (status) for: ethanol production (E), animal feed (A) and human consumption (H);

*Grade Averages of: root cluster score (Agr) [proposed by Huamén (1999), with grades of closed (3), open (5), dispersed (7) or very
dispersed (9)]; root shape (Sha) [proposed by AZEVEDO et al. (2002), with grade 1—spindle-shaped root, regular, without veins or
any type of cracks; 2—root with a good shape, close to fusiform, with some veins; 3—unevenly shaped root, with veins and quite
irregular; 4—very large roots, with veins and cracks, commercially undesirable; and 5—roots totally out of commercial standards,
very irregular and deformed, with many veins and cracks]; RSI [proposed by Azevedo et al. (2014) with grades of, 1—free from
insect damage; 2—little damage; 3—damage that harms the commercial aspect; 4—damage that makes it practically useless for
commercialization; 5—damages that make it unacceptable for commercial purposes]; CS (Note developed by the authors of, 1—
Worst standard and totally out of commercialization; 2—Very large deformed roots with many defects; 3—Roots with character-
istics that moderately harm it for commercialization; 4—Roots with good characteristics for commercialization, with few defects;
5—Roots with excellent condition and characteristics favorable to commercialization); root bark color (SC) [proposed by Huaman
(1999), with notes being, 1—white, 2—cream, 3—yellow, 4—orange, 5—brown orange, 6—pink, 7—red, 8—purple red, 9—dark
purple]; storage root flesh color (RFC) [proposed by Huaman (1999), with notes of, 1—White, 2—Cream, 3—Dark cream, 4—Pale
yellow, 5—Dark yellow, 6—Pale orange, 7—Intermediate orange, 8—Dark orange, 9—Heavily pigmented with anthocyanins (pur-

ple)] and storage root flesh color intensity (Int) (grade developed by the authors of, 1

Brachiaria (Brachiaria brizantha cv. Marandu, cv.
Xaraés, cv. Piatd, cv. MG4, cv. Paiaguds and Bra-
chiaria hybrid Convert HD 364), whose highest
value was 8.41 Mg ha™' (Gobbi et al. 2018), evalu-
ated during the same dry season. In addition to the
supply of fresh stems and leaves, the inclusion of
roots as a source of carbohydrates together with the
aereal parts, a source of CP, also makes the crop a
promising option for the production of hay (Donato

pale; 2—Intermediate and 3—Intense)

et al. 2020) and silage (Gongalves Neto et al. 2011;
Andrade Janior et al. 2018).

In addition, this estimated mean shoot dry
mass yield (17.32 Mg ha™'), in a cycle of up to
6 months, represented a CP yield in the dry mass of
2,007.39 kg ha™!, considering the 11.59% CP pro-
posed by Figueiredo et al. (2012). This was equiva-
lent to 4181.22 kg of soybean meal, considering
the 48% of CP in soybean meal (Guimardes et al.
2015). As stated by Lovatelli (2014), approximately

@ Springer
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780 to 800 kg of soybean meal is produced from
the processing of one ton of soybean. Therefore, for
4181.22 kg ha™' of soybean meal, 5292.69 kg of
raw soybean, or 88.21 bags ha~! is required. This
reinforces the potential of sweet potato branches for
animal feed, as the CP present in stems and leaves is
higher than that provided by soybean, whose aver-
age yield in Brazil is close to 54 bags ha™! and has a
higher cost.

Among the 39 genotypes selected for human con-
sumption, 11 genotypes showed an excellent or good
general shape of the storage root, which is a require-
ment for the human consumption market (CEAGESP
2014). The consumer wants fusiform sweet pota-
toes, regular and without veins or cracks, similar to
what was observed for these 11 genotypes (grades 1
and 2). In addition, 32 genotypes showed no or lit-
tle damage by soil insects, which is a good visual
quality indicator. Furthermore, 13 genotypes of the
selected genotypes showed excellent or good com-
mercial standards, which indicates their quality and
general acceptance for sale for human consumption
compared to those already commercialized. Among
the storage root flesh colour, four white genotypes
were observed, one of which was intense; 24 cream,
three dark cream, three pale yellow, one of which was
intense; one intermediate orange; and three strongly
pigmented by anthocyanins (purple).

Regarding root cluster, 14 of the 60 genotypes
selected during harvest had a closed cluster (score
close to 3). Roots that are more clustered are easier to
grow in mounds without harming the roots, in addi-
tion to accelerating and facilitating mechanical and
manual harvesting, increasing the efficiency, qual-
ity, and yield of the sweet potato harvesting process
(CIP 2001) and avoiding root defects at the time of
harvest. Of the selected genotypes, 26 presented open
root clusters, 10 disperse roots, and 10 very disperse
roots. These disperse and very disperse genotypes
showed greater difficulty in manual harvesting of
storage roots from the soil, in addition to greater yield
losses due to cuts that depreciate the root (Table 3).
However, genotypes of this kind can be used for other
purposes, such as for ethanol production and animal
feed. The preferred scores are close to 3 because
this means roots clustered in the neck of the plant
and facilitate harvesting, which may vary according
to their aptitude. The configuration of root cluster is
linked to the length of the root stalk that attaches to

@ Springer

the stem (Huaman 1992), which is mainly associated
with genetic factors. When the root stalk is absent or
short, the root cluster is closed. On the other hand,
when this root stalk is elongated, the root cluster is
dispersed.

Among the 60 genotypes selected, 11 presented
an excellent root shape and were classified as ideal
for human consumption because they had a fusiform
shape, which is required for this market (Azevedo
et al. 2002). (Table 3). Furthermore, 12 of them were
free of insect damage (Table 3). This factor is of para-
mount importance for root quality in postharvest yield
and processing, shelf life, and commercial acceptance
(Azevedo et al. 2014).

In 15 of the 60 selectable genotypes, an optimal
commercial standard was identified (Table 3). These
genotypes did not present residues, defects, or roots
unsuitable for sale, as they had maximum yields
between the total harvest and the commercial harvest,
with a uniform pattern among the roots that was good
for human consumption. This favours their commer-
cialization, providing economic return to the producer
by increasing the market acceptance of the genotype
and showing a higher harvest yield. The genotypes
met the CEAGESP standards (2014) for quality,
purity, uniformity, and absence of defects, putting
them in the noble category.

In the case of skin colour, the importance gradient
was described by the sequence from highest to low-
est desired score, corresponding to 1—white; >2—
purple; > 3—cream; > 4—pink; > 5—reddish
purple; > 6—red; > 7—yellow; > 8—orange; > 9—
brownish orange. Among the 60 selectable genotypes,
one with white skin, two cream, 26 yellow, 17 pink,
11 purple red, and 3 dark purple were identified. The
colours white, purple, cream, pink, and reddish pur-
ple, in decreasing order of importance, are usually
preferred by the consumer market and considered as
the market standard by CEAGESP (2014) for skin
colour (Table 3).

Regarding storage root flesh colour, among the
60 selectable genotypes, 10 had a white storage root
flesh colour, six of them intense (score 3); 37 were
cream-coloured, one of them intense and suitable for
traditional human consumption; three dark cream,
one of them intense; four pale yellow, one intense;
one orange of intermediate intensity; and five pur-
ple that were strongly pigmented by anthocyanins
(intense purple), with cream and white colour being
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the most preferred for general sale (Table 3). The
closer the storage root flesh colour intensity score is
to 3, the better for human consumption and functional
feeding.

Scores close to 1.0 for storage root flesh colour
(white and cream) are current standards for human
consumption in the Brazilian market, while scores
close to 9 with more intensity indicate the presence
of bioactive and functional compounds such as anti-
oxidants and pro-vitamin A (purple, orange, and yel-
low) (Sun et al. 2019). Thus, in addition to standard
genotypes suitable for human consumption, promis-
ing genotypes for use as functional foods were also
identified, i.e., those with orange, yellow, and purple
storage root flesh colour, some with high intensity,
as observed in seven selected genotypes (Table 3).
These genotypes are valuable for human nutrition due
to their nutritional composition as functional foods
given the strong relationship between internal colour
and the presence of functional bioactive compounds
(Vizzotto et al. 2017; Laurie et al. 2017; Zhang et al.
2016), antioxidants (Vizzotto et al. 2017), and phy-
tonutrients (Sweet Potato 2014). Selecting for sweet
potato genotypes as done here is highly relevant for
the establishment of new crop breeding programmes
for biofortification of its roots.

Conclusions

The use of mixed models with selection indices was
efficient for the selection of sweet potato genotypes
for different aptitudes. A total of 37 genotypes plus
two controls (UFVIM 61 and UFVIJM 58) suitable
for ethanol production, 36 genotypes plus again two
controls (UFVIM 61 and UFVIMS5S) suitable for
animal feeding, and 38 genotypes plus one control
(UFVIJMS58) suitable for human consumption were
selected.

Genotypes 556, 765, 1221, 1231, 1319, and the
control UFVIM 61 are considered suitable for both
ethanol production and animal feed.

Genotypes 220, 301, 455, 736, and 1311 are con-
sidered suitable for both human consumption and
ethanol production.

Genotypes 49, 181, 314, 660, 663, 716, 1000,
1164, 1238, 1258, and 1538 are considered suitable
for both animal feed and human consumption.

Genotypes 161, 221, 225, 238, 450, 540, 655,
759, 791, 799, 1008, 1234, 1252, 1299, 1562, and
the control UFVIM 58, are considered suitable
for human consumption, animal feed and ethanol
production.

Genotypes 290, 829, 1210, 1288, and 1436 are
suitable for animal feed only.

Genotypes 11, 107, 354, 546, 574, 695, 884, 987,
1005, 1011, 1235, and 1565 are suitable for ethanol
production only.

Genotypes 106, 144, 404, 622, 648, 992, and 1554
are suitable for human consumption only.
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