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Sweet potato breeding in Africa, more especially in Nigeria, has mainly focused on
improving productivity on farmers’ fields and on fresh root consumption. In order to target
the breeding program, the study was conducted to estimate the magnitude of genotype
x environment interaction (G x E) and to select stable and high yielding sweet potato
genotypes for fresh root yield and root Cylas severity in two locations, and to identify the
most discriminating and representative test environments in Nigeria. The 41 genotypes
were evaluated across two diverse environments using a randomized complete block
design (RCBD) with three replications. Data were collected on total number of roots per
plant, number and weight of marketable roots per plant, fresh root yield, and root Cylas
severity. The data were subjected to analysis of variance using the Generalized Linear
Model procedure of SAS 9.2 where genotype was treated as a fixed factor and replication
treated as a random variable. Stability analysis was conducted using Genotype and
Genotype x Environment Interaction (GGE) bi-plot. Environment, genotype, and G x E
interaction variances were highly significant (o0 < 0.01) among the assessed agronomic
traits. Moreover, the analysis of variance revealed highly significant (p < 0.01) differences
among genotypes, environments, and G x E interaction effects for all the studied
traits. The GGE biplot analyses identified three promising genotypes—G13, G11, and
G14—that possess both high mean root yield and high stability, closest to the ideal
genotype for root performance and consistency of performance across environments.
This study provides valuable information that could be utilized in a breeding program to
ameliorate local clones of sweet potato in Nigeria.

Keywords: sweet potato, yield, environment, GGE biplot, genotypes

INTRODUCTION

Sweet potato (Ipomoea batatas [L.] Lam), is a hexaploid (2n = 6x = 90) and is one of the most
important food security crops globally. It belongs to the family Convolvulaceae, genus Ipomoea,
and, according to Vaeasey et al. (2008), the genus has over 600 species, of which batatas is the
only one with economic value. In many developing countries, sweet potato is reported to be the
fifth most important food crop after rice, wheat, maize, and cassava (Aina et al., 2012). Over 110
million metric tons of sweet potato was produced in 2018, with China producing 53.01 million
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metric tons representing 65.6% of the world sweet potato
production (FAOSTAT, 2018). Africa was responsible for 20.7
million tons which represents about 25.4% of the world
production. Nigeria is the second highest sweet potato producer
in Africa and the third highest producer in the world, with
production of 4.03 million metric tons, which is 5.0% of the
world’s production (FAOSTAT, 2018). Over the years, sweet
potato production has been on the increase in Nigeria. In the
last two decades, production has increased 10-fold. However,
the increased production can be attributed to the expansion of
land under sweet potato cultivation rather than increased yield
per unit area, as yield remains abysmally low at an average of
<3.0 tons/ha. This low yield is mainly due to the widespread
use of obsolete production inputs and methods, chief of which
are the use old, unimproved cultivars and the practice of mixed
cropping with incompatible crops. Therefore, one important way
of mitigating against poor root yield in farmers fields is to
develop and release new sweet potato varieties with stable and
high root yield potential into the farming system.
Understanding the differential response of crop genotypes
to changing environmental conditions is of key importance in
plant breeding. One major step toward the development of
improved crop genotypes is the assessment of the nature of
interactions that exist between genotypes and the production
environment for a particular triat (Sabri et al, 2020). When
genotypes are evaluated across a range of different locations
and/or years, their yield performances could differ significantly.
The existence of large G x E interaction usually causes serious
confounding effects in comparing and recommending good
genotypes for wide adaptation (Moussa et al., 2011). Previous G
x E studies on several traits have demonstrated that sweet potato
is sensitive to environmental changes. According to Madawal
et al. (2015), Gurmu et al. (2017), and Ngailo et al. (2019),
changes in environmental conditions have been reported to
affect sweet potato storage root yield and yield components.
This makes the analysis for G x E interaction crucial for
genotype selection, cultivar release, and identification of suitable
production environments for optimum yield. Therefore, having a
basic understanding on G x E interactions, stability parameters,
and genetic correlations for root yield and yield components are
considered necessary for sweet potato breeders in making an
informed choice concerning which locations and input systems
should be used in their breeding efforts (Gruneberg et al., 2005).
Statistical tools such as the Additive Main Effect and
Multiplicative Interaction (AMMI) (Gauch, 1992) and genotype
and genotype-by-environment interaction (GGE) biplot analyses
(Yan and Kang, 2003; Yan and Tinker, 2006) have been reported
as appropriate for use in GEI analyses. These statistical tools have
then been extensively used in several sweet potato improvement
programs by authors such as Caliskan et al. (2007) (AMMI model
analysis for GEI and stability analysis of sweet potato genotypes
across different environments in Turkey) and Laurie and Booyse
(2015) (GGE biplots used in and identifying suitable sweet potato
genotypes and representative environments in South Africa).
The objective of this study, therefore, was to determine the
magnitude of GEI for storage root yield, yield-related traits, and
sweet potato weevil (Cylas spp.) damage among candidate sweet

potato genotypes, as well as to assess the adaptability and stability
of 41 improved sweet potato genotypes in two sweet potato
representative and contrasting production environments.

MATERIALS AND METHODS

Plant Materials

Forty-one sweet potato genotypes comprising breeding lines,
farmer cultivars, and released varieties (checks) were used for the
trials. The genotypes were selected based on their high root dry
matter contents (RDMC), flesh color (as an indicator of the level
of B-carotene content), and fresh root yield.

Research Locations

The field evaluation was conducted in two consecutive seasons
at two different locations of Abakaliki (Ebonyi State) and
National Root Crops Research Institute (NRCRI) (Iresi Osun
State). The two locations differed in ecological characteristics,
altitude, rainfall, and atmospheric temperature; the climate could
be described as hot humid tropic, with high humidity and
adequate rainfall (Table 1).

Field Layout and Experimental Design

The field trial was conducted using a randomized complete block
design (RCBD) with three replications. The experimental plots
consisted of a three—row plot of three meters long for each
genotype. The spacing between rows was 1.0 m and within rows
was 0.3 m, giving a total of 10 plants per row and 30 plants per
plot (Afuape et al., 2019). The sweet potato was planted in June
and harvested in October in 2018 and 2019 in Abakaliki, Ebonyi
state (rain forest belt) and Iresi, Osun state (savannah transition
ecology) for 2 years. The experiment was conducted under rain-
fed conditions. Fertilizer (NPK 15:15:15) was applied at the rate
of 400 kg/ha in the test sites, while weeding was done as necessary.

Quality Traits Analysis

The sweet potato genotypes evaluated in Abakaliki were analyzed
for chemical quality traits. Dry matter content was determined
according to Seruwu (2012), crude protein, fiber, and ash content
were determined using the micro Kjeldahl method of AOAC
(2010), while fat content was determined according to AOAC
(2010) soxhlet extraction method. Carbohydrate was determined
using Gravimetric Copper Reduction Method (AOAC, 2010;
Okporie et al., 2013). Total carotenoid content of the sweet
potato genotypes was determined by the procedure described
by Amaya (2001).

Data Collection and Analysis

Agronomic data (number and weight of marketable and
unmarketable roots, sweet potato root Cylas severity) were
collected and subjected to analysis of variance (ANOVA) using
the Generalized Linear Model procedure of SAS 9.2 where
genotype was treated as a fixed factor and replication treated as
a random variable according to the model of Steel and Torrie
(1980). Number of marketable (or saleable) roots represents
the number of roots that were more than or equal to 100g
(Levette, 1993) or with diameters at the widest point >25mm
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TABLE 1 | Weather information of the research locations.

Location Latitude Longitude Altitude Soil texture Min and max Average annual rainfall
(°N) (°E) (m) daily Temp (°C) (mm)

Abakaliki 6° 19’ 30N 8° 6’ 49E 116 Sandy loam 26.2-29.0°C 1800.3

NRCRI Iresi 7°30'0"N 4°30'0" E 246 Sandy loam 24.7-278°C 2024.1

Umudike: Agro-meteorological Unit, National Root Crops Research Institute, Umudike, Abia State.

roots. These were counted and the number recorded per plot.
Number of unmarketable roots represents the number of roots
that are <100g or 25mm at the widest point (Levette, 1993;
Stathers et al., 2003). Weight of marketable roots is the weight
(kg/plot) of roots suitable for marketing. Weight of unmarketable
roots is the weight (kg/plot) of roots not suitable for marketing.
Total root yield (t/ha) weight is obtained as the sum of weights
of marketable and unmarketable roots converted to tons per
hectare. Severity of root Cylas infection was taken as the mean
damage level of SPVD-diseased plants in a plot on a 1-5 infection
scale where 1= no apparent damage, 2 = mild/very little damage,
3 = moderate damage, 4 = considerable/severe damage, and 5 =
severe/very severe damage (Mwanga et al., 2002).

The agronomic data were first analyzed on a location basis
since the variances of the two locations were significantly
different following a Bartlett’s test for homogeneity of the
variances of the two locations. The Least Square (LS) means of the
genotypes in each location were estimated and separated using
standard error of difference (SED). However, the 41 genotypes
were then analyzed as a combined trial to increase the resolving
power of the estimate of genotype x environment interaction
across the two locations and years.

The ANOVA model used for the single-site analysis is as
stated below:

Yij=n+ai+y+ Bk t+e

where

yij = observation on experimental unit in block k assigned
treatments i and j;

p = overall mean averaged over all treatments and all blocks;
a; = effect of genotype i; considered as fixed variable;

yj = effect of year j considered as random variable;

Bi = effect of block k considered as random variable;

ejx = random error associated with experimental units
assigned to treatments i and j in block k.

The ANOVA table and expected mean squares for combined sites
and population are as shown in Table 2.

Genotype x Environment Interaction (GEI)

and Stability Analysis

The data generated were analyzed for GEI using GenStat (14th
edition) GGE biplot procedure (Yan, 2001, 2002; Yan and Ma,
2006). The model for the GGE biplot based on singular value
decomposition (SVD) of ¢ principal components is:

Yij = p + ai 4 Bj + jij

where Yij is the measure of the ith genotype in the jth
environment, 4 is the grand mean, oi is the main effect of the
ith genotype, Bj is the main effect of the jth environment, and jij
is the interaction between the ith genotype and jth environment.

RESULTS

The mean squares of the analyses of variance (ANOVA) of the
agronomic traits evaluated in two different locations (Abakaliki
and Iresi) revealed that there were significant (p < 0.01)
variations among the genotypes for all the traits in each location
and across both locations (Tables 3-5). The combined analysis
(Table 6) also showed that all the agronomic traits varied with
respect to genotype, the location, and Genotype-by-Location
Interaction. Correlation coefficients for the agronomic traits
evaluated in the two locations and 2 years are presented in
Table 7. Generally, all the traits except root Cylas spp. severity
exhibited a positive and significant (p < 0.01) correlation with
root yield. Most of the traits also exhibited significant and positive
association among themselves, except root Cylas spp. severity at
harvest which did not correlate with all other traits.

Genetic Studies

The genotypic (Vg), environmental (Ve), and phenotypic (Vp)
variances, as well as the broad sense heritability (Hg) estimates
of the agronomic traits at each and combined locations,
are presented in Tables 8-10. For all the agronomic traits
in each location and across locations, Ve was higher than
Vg. Heritability estimate for number of marketable roots at
Abakaliki was 0.44, while at Iresi it was 0.69. The broad-
sense heritability (Hg) estimates for number of unmarketable
roots were 0.33 and 0.02 at Abakaliki and Iresi, respectively,
and 0.30 and 0.74 for weight of marketable roots at Abakaliki
and Iresi, respectively. Hp for root yield at Abakaliki and
Iresi, respectively, were 0.48 and 0.81. Understanding the
genetic parameters of the traits that impact on farmers and
consumers’ variety preference is a good guide during the selection
of parental lines. Table9 shows the genotypic, phenotypic,
and environmental variances and the broad sense heritability
estimates (Hp) of the agronomic traits in both locations. The
result in Table9 shows that environmental variances (Ve)
were slightly higher than genotypic variance (Vg) for all traits
at both locations, depicting environmental influence on the
expression of the traits. The heritability (Hp) estimates were
either low or high and ranged between 0.02 and 0.52 for all the
agronomic traits.
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TABLE 2 | Description (background information) of sweet potato genotypes used for the study.

S/No. Genotypes Pedigree Status Flesh color*
1 OP/87/0087 TIS 87/0087 Breeding line Light orange
2 F2M1/31 Centennial X TIS 8164 Breeding line Orange

3 FEM1/3 CIP199034.1 X TIS 8164 Breeding line Orange

4 MD/23 Mother’s Delight Breeding line Cream

5 F2M1/14 Centennial X TIS 8164 Breeding line Very light orange
6 F2M1/18 Centennial X TIS 8164 Breeding line Light orange
7 Fam1/21 Centennial X TIS 8164 Breeding line Light orange
8 F2M1/22 Centennial X TIS 8164 Breeding line Yellow-orange
9 F2M1/35 Centennial X TIS 8164 Breeding line Light orange
10 Ex-Igbariam/22 Ex-Igbariam Breeding line Cream

11 Ex-Igbariam/26 Ex-lgabriam Breeding line White

12 Ex-oyunga/17 Ex-Oyunga Breeding line White

13 MD/12 Mother’s Delight Breeding line Light orange
14 Progeny 1 Not available Breeding line Orange

15 Progeny 3 Not available Breeding line Light orange
16 F1M1/23 Mother’s Delight X TIS8164 Breeding line White

17 F1M1/57 Mother’s Delight X TIS 8164 Breeding line Cream

18 FiM1/64 Mother’s Delight X TIS 8164 Breeding line Light orange
19 F2M1/35 Centennial X TIS 8164 Breeding line Orange

20 F2M5/13 Centennial X Solo-Abuja Breeding line Cream

21 F2M5/5 Centennial X Solo-Abuja Breeding line White

22 F2M5/9 Centennial X Solo-Abuja Breeding line White

23 F2m6/1 Centennial X Ex-lgbariam Breeding line Light orange
24 F2me/17 Centennial X Ex-lgbariam Breeding line Cream

25 F2M6/20 Centennial X Ex-lgbariam Breeding line White

26 F2me/27 Centennial X Ex-lgbariam Breeding line Deep orange
27 Solo-1/165 Solo-1 Breeding line White

28 Solo-1/21 Solo-1 Breeding line Light orange
29 Solo-1/88 Solo-1 Breeding line Cream

30 Solo-Abuja/12 Solo-Abuja Breeding line Yellow

31 TIS 87/0087/01 TIS 87/0087 Breeding line White

32 TIS 87/0087/03 TIS 87/0087 Breeding line Cream

33 TIS 87/0087/07 TIS 87/0087 Breeding line White

34 TIS 87/0087/23 TIS 87/0087 Breeding line White

35 TIS 87/0087/25 TIS 87/0087 Breeding line White

36 UMUSPO-2/02 UMUSPO-2 Breeding line Cream

37 UMUSPO-2/95 UMUSPO-2 Breeding line Very light orange
38 MD Not available Released variety Orange

39 TIS 87/0087 Not available Released variety Cream

40 KING J Not available Released variety Light orange
4 MD/03 Not available Released variety Cream

MD, Mother’s Delight.

*means significant at P = 5%, **means Highly significant at P = 1%, ***means Very highly significant at P = 0.1%.

Genotype and Genotype by Environment
(GGE) Biplots

Storage Root Yield

The GGE biplot analyses (which-won-where, mean, stability,
and genotype ranking) for storage root yield are presented in
Figures 1A-C. Figure 1A shows the “which-won-where” root
yield performance of the sweet potato genotypes evaluated in the

four environments. The two principal components (Axis 1 and
2) revealed about 73% of the total variation observed with Axis 1
accounting for 50% of the total variation, while Axis 2 influenced
23% of the observed variation. Genotype G11 had the highest
root yield performance at Iresi 1 and Iresi 2 environments, while
G14 was best adapted to the two Abakaliki environments as both
were located at the vertices of the polygon in the environments
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TABLE 3 | Format of ANOVA Table for combined sites and population.

Source of variation Df E(MS)
Block (L) I(b-1) o2e + glo?b
Location (L) -1 o%e + bo?gl + bgae?l
Genotypes (G) g-1 o2e + bo?gl + blo?g
Year (V) y-1 o?e + ba?g/l (y) + gba?yl+ blo?g (y) 4 gblo?y
G(Y) y(g-1) o%e + ba?g/l (y) + gba?yl+- rla?g (y)
GxL (g-1) (-1) o%e + ba?gl
Y xL (y-1) (-1) 026 + bo2g/l (y) + gboyl
G(Y) x L (9-1) y(-1) o%e + ba?g/l (y)
Error (b-1) (gyl-1) ole
Total gylb-1
b, Blocks; G, Genotypes, Y, Year; e, Error; df, Degree of freedom,; MS, Mean squares; E(MS), Expected mean squares.
TABLE 4 | Mean squares of the analyses of variance of agronomic traits of sweet potato genotypes evaluated at Abakaliki across 2 years.
Sources Mean squares
of variation

Degrees Number of Number of Total root Wt. of Wt. of Total root Root yield Cylas

of marketable unmarketable number marketable unmarketable weight severity

freedom roots roots roots roots
Rep 2 16.0733 4.6426 11.4314 2.6747 0.0328 3.2441 109.1065 1.9259
Year 1 34.7041" 741.3983*** 1071.2141* 1.7998ns 0.1894* 3.4475ns 52.1796ns 2.5556*
Genotype 40 75.1750"* 109.0174*** 280.1644"** 4.7343"* 0.0562* 5.0521*** 83.1419"* 0.4375ns
Gen. x Year 40 41.8796™* 72.6024** 169.7607** 3.2940* 0.0387ns 3.6141* 43.1045ns 0.5001ns
Error 120 23.5595 40.3275 91.2070 1.3839 0.0328 1.5771 30.6534 0.4303

*means significant at P = 5%, **means Highly significant at P = 1%, ***means Very highly significant at P = 0.1%.

Wt., weight; ns, not significant.

(Yan and Tinker, 2006; Ngailo et al., 2019). Genotype G13 was
second best in all the environments. The three genotypes were
better than the rest in all the environments.

The GGE biplot “Mean vs. Stability” results are as presented
in Figure 1B. The result showed that G14 had the highest mean
root yield across all environments, followed by G11 and G13.
The other genotypes had mean root yield around the grand
mean value by their relative locations in the biplot. Among the
genotypes with high mean root yield, G13 was the most stable,
with G11 and G14 exhibiting marked variability in root yield in
the various environments. However, there were some genotypes
with high stability, but their mean root yields were very poor.
According to Yan and Tinker (2006), only stable genotypes with
high mean performance are desirable.

An ideal genotype should have both high mean performance
and high stability across environments. The center of the
concentric circle (Figure 1C) is the location for the ideal
genotype. Among the test genotypes, the one closest to the point
is the best. Though G14 had the highest storage root yield among
the 41 genotypes, G13 that possessed both high mean root yield
and high stability is closest to the ideal genotype for root yield
with consistency of performance across environments.

Root Cylas spp. Severity
The GGE biplot results for the severity of sweet potato root Cylas
damage are as presented in Figures 2A-C. The two principal

component axes used for making the biplots accounted for 62%
of the total variation, with Axis 1 and Axis 2 accounting for 38.09
and 24.77% of the total variation, respectively. For root Cylas spp.
severity, genotypes with high and positive axis 1 scores entailed
high susceptibility and those with negative axis 1 were mostly
resistant. Sweet potato root Cylas spp. severity has been reported
to be a major factor that affects the production of sweet potato
in Africa (Gibson et al., 1998). Root Cylas damage is further
enhanced by the cultivation of infested genotypes and a lack
of efficient control measures which, in addition, result in low
sweet potato yields in many countries. Improved sweet potato
genotypes that are resistant to root Cylas severity with high yield
potential would increase sweet potato production in sub-Sahara
Africa (Rukundo et al., 2017; Ngailo et al., 2019).

The GGE biplot that analyzed for genotype performance in a
specific environment (which-won-where) showed that G24 had
the least Cylas spp. damage in environments IRE 1 and ABA 2,
while G37 and G31 exhibited least root damage in IRE 2 and
ABA 1, respectively (Figure 2A). Genotypes G22 and G30 had
the most severe Cylas spp. damage across environments. The
differential expression of tolerance by the genotypes in different
environments is unexpected as tolerance to Cylas spp. is known
to be largely influenced by strong environmental control.

Across all environments, G37 also had the least mean Cylas
spp. damage, followed by G23, G14, and GI15 in that order
(Figure 2B). The four genotypes also exhibited high Cylas

Frontiers in Agronomy | www.frontiersin.org

5 June 2021 | Volume 3 | Article 665564


https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles

Ebem et al.

Genotype x Environment Interaction and Stability Analysis

TABLE 5 | Mean squares of the analyses of variance of agronomic traits of sweet potato genotypes evaluated at Iresi, Osun State across 2 years.

Sources of Mean squares
variation
Degrees Number of Number of Total root Wt. of Wt. of Total root wt Root yield Cylas
of marketable  unmarketable number marketable unmarketable severity
freedom roots roots roots roots
Rep 1 152.5814 11.2558 218.8140 1.0880 0.0126 0.8526 35.4207 0.5931
Year 1 857.9391** 1404.2250"*  4563.5641*** 5.2490" 0.02116" 5.9753" 118.8241" 4.0960**
Genotype 40 56.4123* 24.3874" 110.5934** 7.5395** 0.02176" 7.7524*** 110.1608** 0.4432ns
Gen. x Year 40 20.948m 23.6844" 61.61.2434" 3.1535™ 0.02191" 3.3073" 44.2613™ 0.4154"s
Error 120 28.4289 20.4409 51.8588 3.0167 0.02081 3.0543 59.1476 0.4389
*means significant at P = 5%, **means Highly significant at P = 1%, ***means Very highly significant at P = 0.71%.
ns, not significant.
TABLE 6 | Mean squares of the analysis of variance of sweet potato genotypes evaluated for root yield and yield components at two locations in 2 years.
Sources of Degrees Mean squares
variation of
freedom  Total number Total root Root yield Number of Number of Weight of Weight of Cylas spp.
of roots weight (t/ha) marketable unmarketable marketable unmarketable severity
roots roots roots roots
Block (L) 4 49.718 1.173 23.020 60.108 6.935" 1.058 0.034 2.108
Year 1 575.474* 0.157" 165.325* 267.022** 46.374" 0.431M 0.043 6.526™
Location 1 559.649* 27.502*** 636.851* 3.584" 530.327*** 32.222"** 0.256** 1.252m
Location 1 4986.105"** 9.161* 5.794" 608.960*** 2085.430"** 6.514" 0.170* 0.074"
*Year
Genotype 40 249.549"* 9.252%** 128.506*** 92.225*** 76.166*** 8.859*** 0.046* 0.562"
Genotype*Location 40 127.882** 3.782** 66.594* 38.144* 50.887* 3.650** 0.029m 0.297"
Genotype (V) 80 108.439"** 2.592m 28.666" 28.768" 44.813" 2.319™ 0.034" 0.519™
Genotype 80 113.280" 4.384** 58.908" 33.275" 46.569* 4.190** 0.025" 0.405"
(Year)
Location
Error 326 74774 2.219 43.572 25.818 31.739 2.090 0.028 0.433
Total 491

*xk

*means significant at P = 5%, **means Highly significant at P = 1%,
ns, not significant.

spp. tolerance stability, thereby enhancing the probability of
identifying highly tolerant genotypes that could be deployed
across many environments. These genotypes can form an elite
genetic resource pool in the global efforts toward the genetic
control of Cylas spp. damage in sweet potato.

Overall, G37 can be ranked as the most tolerant genotype to
Cylas spp. damage due to its position very close to the center of
the concentric circle that represents the “ideal genotype” (Yan and
Tinker, 2006). The ranking of the leading genotypes according to
their tolerance to Cylas spp. damage performance can be given
as: G37 > G23 > G14 > GI5. Figures 3, 4 describe the severity
of root Cylas spp. in Abakaliki and Iresi Osun State, respectively.

DISCUSSION

Genetic variability is essential for selection (Sarif et al., 2020).
Except for Cylas weevil damage severity (in all environments)
and weight of unmarketable roots (in some environments),
significant variation exists among the genotypes evaluated for
all the traits, an occurrence that has also been reported by

‘means Very highly significant at P = 0.1%.

Vimala et al. (2011), Madawal et al. (2015), and Afuape et al.
(2019). In this study, year as a factor exerted a reducing
influence on the agronomic traits. Cylas weevil damage severity
is largely controlled by the environment as genetic resistance
to Cylas weevil is still unavailable. By its epidemiology, Cylas
spp. incidence and severity occurs in the dry season when soil
moisture level is very low (Stathers et al., 2003). This explains
the observed large environmental variance (0.43) compared to
the genotypic variance (0.00), and the extremely low broad-sense
heritability estimate (0.02) recorded in this study for the trait. The
very low genotypic variance (0.00) and heritability estimate (Hp
= 0.00) for weight of unmarketable roots (roots < 100g) also
portend that environment is largely responsible for the formation
of small sweet potato roots. This is true as plant density, drought
spell, and poor weed management among other factors could lead
to the formation of small storage roots.

The genetic study reveals that environmental variance (Ve)
was higher than genotypic variance (Vg), leading to moderate
broad sense heritability (Hp) estimates in both locations and
in the combined form. As Hp estimate is a reflection of the
genetic component of an observed phenotype expression of a
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TABLE 7 | Combined Pearson correlation coefficients (r) of agronomic traits evaluated in two locations and 2 years.

Traits Number of Total number of Weight of Total root Root yield Root Cylas
marketable roots roots marketable roots weight spp. severity
Number of marketable roots 1.00 0.828*** 0.721* 0.736"** 0.611** —0.091"M
Total number of roots — 0.509*** 0.561** 0.438** —0.073™
Weight of marketable roots — 0.995*** 0.861*** —0.034"
Total root weight — 0.861*** —0.031™
Root yield - —0.042m

*xk

‘means Very highly significant at P = 0.1%.
ns, not significant.

TABLE 8 | Variance components and broad-sense heritability estimates of agronomic traits of sweet potato genotypes evaluated at Abakaliki, Ebonyi State across 2 years.

Traits Vg Vgy Ve Hge

Number of marketable roots 8.32 9.16 23.56 0.56
Number of unmarketable roots 9.10 16.14 40.33 0.58
Total root number 27.60 39.28 91.21 0.50
Wt. of marketable roots 0.36 0.96 1.38 0.38
Wt. of unmarketable roots 0.00 0.00 0.03 0.00
Total root wt 0.36 1.02 1.58 0.36
Root yield 10.01 6.23 30.65 0.64
Cylas severity -0.02 0.03 0.43 0.00

trait, the moderate Hp in the combined genotype-location-year
interaction analysis depicts that genetic gain could be achieved
in such important traits as total root weight (Hg = 0.5), weight
of marketable roots (0.52), root yield (0.46), and number of
marketable roots (0.34). Moderate heritability is often deemed
acceptable for quantitative traits (Tumwegamire et al., 2011)
and has been variously reported for most root yield and
yield components by Tumwegamire et al. (2011) and Afuape
et al. (2019). The observed differences in the Hp estimates
for each trait in both locations shows that location affects
trait heritability estimates, with poor environment lowering
the value by confounding the true genotypic value with non-
experiment wise errors which could lead to selection error in the
breeding cycle.

Correlation coefficient is a measure of the extent and direction
of the relationship between any two traits (variables). The
positive and strong relationships between root yield and number
of marketable roots (r = 0.786), total number of roots (r =
0.438), marketable roots (r = 0.861), and total root weight (r
= 0.861) suggests that these traits are important root yield
components, and that their simultaneous selection will be a
good approach to increasing root yield. This same relationship
had been observed by Afuape et al. (2011) and Yahaya et al.
(2015). As the severity of Cylas spp. is a yield-reducing affect,
the negative correlation observed between it and root yield and
yield components is expected as severely infested fields often
exhibit reduced plant density at harvest, severe reduction in root
weight, significant reduction in good roots, and impaired plant
physiological processes due to severed food translocation organs,
as infested plants often have the vine cortex and pith eaten up by
the Cylas weevil larvae developing inside the plant.

The stability analysis aims at helping the breeder to identify
which genotypes have specific and/or general adaptability to

various production environments. It also helps in the analyses
of the test environments for prudent decision making for future
evaluations. As expected, the two locations (Iresi and Abakaliki)
clustered in different quadrants, depicting that both locations are
truly different. The Iresi environments (IRE 1 and IRE 2) were
higher performing environments for root yield and Cylas damage
suppression compared to the Abakaliki environments (ABA 1
and ABA 2). The differences between these locations were so large
that year effect could not nullify it, meaning that testing data from
one location cannot represent the performance of same materials
in the other location, irrespective of the number of years used in
the testing process. As different genotypes performed differently
in each of these locations, we are able to identify genotypes that
are specifically adapted to each environment, knowledge that will
help breeders to adequately advise farmers on what cultivar to
use where, provided the various cultivars possess acceptable end-
user quality preferences. Conducting a stability analyses has thus
helped in identifying specific genotypes for both locations, as
well as a stable genotype that can be cultivated across all the
locations tested and locations that share similar attributes to the
test locations.

Dry matter content according to Mok et al. (1997) and
Cervantes-Flores et al. (2011) is among the main attributes that
further improve the quality and acceptability of sweet potato
for consumption and processing in sub-Sahara Africa. The
dry matter content ranged from 43.85% (F2M1/35) to 24.07%
(F2M6/17) and varied significantly (p < 0.0001) between the
sweet potato genotypes. Findings from this study are in accord
with records reported by Okunade et al. (2019) in Osun (21.35-
42.10%) and Kanu et al. (2018) in Umudike, Abia State (27.30-
41.56%), but disagrees with the result (19.4-22.6%) reported
by Laurie et al. (2013) for some OFSPs. The low dry matter
content recorded in F2M6/17 could be a result of the presence of
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TABLE 9 | Variance components and broad-sense heritability estimates of agronomic traits of sweet potato genotypes evaluated at Iresi, Osun State across 2 years.

Traits Vg Vgy Ve Vp Hg
Number of marketable roots 8.87 —-3.74 23.56 12.89 0.69
Number of unmarketable roots 0.18 1.62 40.33 11.07 0.02
Total root number 12.34 4.69 91.21 37.49 0.33
Wt. of marketable roots 1.10 0.07 1.38 1.48 0.74
Wit. of unmarketable roots 0.00 0.00 0.03 0.01 0.00
Total root wt 1.11 0.13 1.68 1.67 0.71
Root yield 16.47 —7.44 30.65 20.42 0.81
Cylas severity 0.01 —0.01 0.43 0.11 0.08

TABLE 10 | Variance components and broad-sense heritability estimates of agronomic traits of sweet potato genotypes evaluated across two locations and years.

Traits Vg Vgl Vgy Vgly Ve Hge

Total number of roots 10.95 2.43 —1.61 12.84 74.77 0.22
Total root weight 0.76 —0.10 —0.60 0.72 2.22 0.50
Root yield (t/ha) 10.20 1.28 —10.08 5.11 4357 0.48
Number of marketable roots 5.26 0.81 —1.50 2.49 25.82 0.34
Number of unmarketable roots 2.40 0.72 —0.59 4.94 31.74 0.13
Weight of marketable roots 0.75 —0.09 —0.62 0.70 2.09 0.52
Weight of unmarketable roots 0.00 0.00 0.00 0.00 0.03 0.00
Cylas spp. severity 0.00 —0.02 0.04 —0.01 0.43 0.02

Hg = [0?(G))/[o% (G) + o2error/replication + o2 (GYL)/year location + o2 (GL)/location + o2 (GY)/year].

Vg, Ve, Vp = Genotypic, Environmental and Phenotypic Variance, respectively.

Vay, Vgl, and Vgly = genotype-by-year, genotype-by-location and genotype-by-location-by-year interaction variances, respectively.

Hp = Broad sense heritability.

high moisture in the tuber. Factors such as variety, crop season,
age of the plant, and location could affect dry matter content
in sweet potato. According to Eleazu and Ironua (2013), high
dry matter content improves storability, texture, and product
yield. It also has the potential of being utilized for industrial
purposes and for flour production in confectioneries. Proteins
are essential nutrients for structural and functional performers
of different biomolecules in the human body, and they provide
the essential amino acids required for metabolism. The protein
content recorded in this study varied significantly (p < 0.0001)
across the forty sweet potato genotypes. Results from this study
revealed that protein was highest in TIS 87/0087/01 (2.67%),
followed by UMUSP 2/02 (2.53%), and lowest in SOLO-1/88
(1.54%). This result correlated well with reports credited to
Rakesh et al. (2017) in some sweet potato cultivars. Studies show
that protein content in sweet potato, especially orange fresh sweet
potato (OFSP), is comparable to cassava (1.6%) and yam (1.5)
(Woolfe, 2008).

The fat content among the forty sweet potato varieties ranged
between 0.17 to 0.31% and showed significant (p < 0.0001)
differences among the genotypes. The fat content was high in
solo-1/21 (0.31%) while fat was least in the MD/12 genotype
with 0.17%. The results of fat content from this study were in
agreement with Ishida et al. (2000) and Mohammad et al. (2016),
who reported 0.17-0.30% and 0.2-0.33%, respectively. Sweet
potato, like other known roots and tubers, is well-known for

its low fat content. The fat concentration of some sweet potato,
especially the orange fresh sweet potato, are still little better than
other roots and tubers such as cassava (0.28%) and yam (0.17%)
(USDA, 2018). Crude fiber, which is also an important indicator
of a healthy food material that plays a major role in reducing the
incidences of colon cancer, diabetes, heart disease, and certain
digestive diseases, were observed in an appreciable amount. The
crude fiber content of the sweet potato ranged from 0.33% (in
SOLO-1/21) to 0.54% (in TIS 87/0087/01) and was significantly
different among the genotypes. This result is in line with 0.35%
reported by Endrias et al. (2016) for different varieties of OFSP.
Ash is an inorganic residue in any food substance which
directly denotes the mineral content. The sweet potato has
a reasonable amount of ash content, an indication of rich
mineral constituents. The ash value varied from 1.14% (in
F2M6/1 and SOLO-1/21) to 1.32% (in F2M1/31). The ash values
obtained from this study were in line with the results reported
by Mohammad et al. (2016), who recorded 1.17-1.31% ash
content. Carbohydrate was among the most abundant nutritive
constituent of the sweet potato. This is consistent with previous
reports credited to Adepoju and Adejumo (2015), Amha and
Baruch (2016), and Endrias et al. (2016). The carbohydrate
content obtained from this study ranged from 19.95% in
F2M6/17 to 39.75% in F5M1/3 and varied significantly among
the genotypes, indicating that they are a good source of energy.
This study is within FAO Corporate Document Repository
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TABLE 11 | Analyses of some chemical quality traits of the Sweet potato genotypes evaluated at Abakaliki across 2 years.

Genotype DM Crude protein Fat Crude fiber Ash Carbohydrate TCC (mg/100g)
MOTHER DELIGHT 26.40 1.90 0.27 0.39 1.20 22.64 5.65
F2Me/17 24.07 217 0.18 0.51 1.26 19.95 5.31
KING J 27.63 2.29 0.19 0.52 1.28 23.35 4.30
FiM1/64 26.80 2.33 0.18 0.50 1.26 29.53 3.28
F2M1/31 27.49 1.70 0.24 0.50 1.32 31.72 3.23
Fome/1 25.60 1.86 0.28 0.43 1.14 37.89 3.11
PROGENY 3 38.94 1.94 0.18 0.47 1.28 35.08 2.94
PYT/F2M5/5 41.87 1.64 0.19 0.53 1.29 38.21 2.78
UMUSPO2/95 30.52 212 0.27 0.42 1.18 26.54 2.47
F5M1/3 37.84 1.90 0.20 0.52 1.26 33.96 2.37
MD/12 30.84 2.16 0.17 0.49 1.25 26.77 2.30
UMUSP 2/02 42.01 2.53 0.21 0.46 1.27 37.55 2.24
F2M5/13 37.42 214 0.24 0.48 1.21 36.36 2.21
F2M1/18 30.53 1.60 0.25 0.38 1.24 30.06 2.09
OP /87/0087 25.97 2.05 0.18 0.51 1.31 24.92 1.98
F1M1/23 41.60 2.16 0.19 0.51 1.27 34.06 1.67
F5M1/3 43.43 1.77 0.28 0.42 1.21 39.75 1.64
Fom1/22 40.75 1.93 0.30 0.42 1.21 36.89 1.60
MD/03 34.61 1.86 0.27 0.36 1.23 30.90 1.53
MD/23 34.42 2.15 0.21 0.50 1.25 30.31 1.45
F2M6/20 35.90 1.75 0.25 0.39 1.27 32.24 1.37
EX IGBARIAM/26 29.81 1.87 0.21 0.49 1.19 26.05 1.24
FaM1/14 36.39 1.77 0.18 0.53 1.28 36.63 1.23
TIS 87/0087/01 36.98 2.67 0.23 0.54 1.30 32.25 1.14
CL2/F2M1/35 43.85 2.47 0.31 0.40 1.22 39.45 0.94
TIS 87/0087/25 40.87 2.50 0.26 0.37 1.19 36.55 0.93
Fome/27 35.72 2.11 0.22 0.47 1.25 29.67 0.91
F2M5/9 31.54 1.94 0.27 0.38 117 27.78 0.89
PYT/F2M1/35 43.74 2.33 0.27 0.37 1.22 39.55 0.79
Fam1/21 40.72 213 0.23 0.47 1.26 36.64 0.77
SOLO-1/21 37.72 2.14 0.31 0.33 1.14 33.80 0.71
EX-IGBARIAM/22 35.28 2.47 0.25 0.53 1.27 30.76 0.70
SOLO-ABUJA/12 39.84 1.81 0.26 0.42 1.16 26.20 0.68
F1M1/57 38.53 2.09 0.25 0.43 117 34.60 0.68
TIS 87/0087/23 39.49 1.84 0.21 0.39 1.18 35.88 0.62
TIS 87/0087/07 41.04 1.54 0.28 0.40 1.27 37.55 0.61
TIS 87/0087/03 36.09 1.95 0.26 0.37 1.23 32.28 0.53
EX-OYUNGA/17 40.30 1.90 0.22 0.48 1.24 36.47 0.48
SOLO-1/165 35.95 2.05 0.25 0.47 1.16 32.02 0.47
SOLO-1/88 42.52 1.54 0.29 0.41 1.20 38.08 0.18
Mean + SD 35.78 + 5.71 2.03 +0.28 0.24 + 0.04 0.45 + 0.06 1.23 + 0.05 32.52 + 5.06 1.75 +1.27
F-LSDo.05 0.29 0.05 0.03 0.03 0.03 0.28 0.02

DM, dry matter content; TCC, Total carotenoid content.

carbohydrate range but appreciably higher than 21 and 25% for
nine orange-fleshed sweet potato varieties grown in Bangladesh
by Mohammad et al. (2016).

There was high variation among the genotypes with respect
to total carotene content. The orange fleshed sweet potato
recorded among the genotypes had the highest amount of total
carotene content. The amount of total carotenoid content of

the roots ranged from 0.18 to 5.55mg. Highest total carotene
content was observed in Mother Delight with 5.55 mg/100g
(fresh weight basis), followed by F2M6/17 (5.31 mg/100 g) which
are orange fleshed, and was lower in genotype Ex- Oyunga/17
(0.48 mg/100 g), Solo-1/165 (0.47 mg/100 g), and Solo-1/88 (0.18
mg/100 g). This result agrees with the findings of Adepoju and
Adejumo (2015), Mohammad et al. (2016), and Islam et al. (2016)
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FIGURE 1 | GGE Biplot for root yield indicating (A) superior genotype in a particular environment (B) Mean vs. Stability (C) ranking of genotypes. Codes of genotypes

but inconsistent with Donado-Pestana et al. (2012) who reported
0.390 to 8.823 mg/100 g.

CONCLUSION

The current study determined the magnitude of genotype-by-
environment interaction and stability for storage root yield

and root Cylas severity. Since most sweet potato breeding
programs are often tailored toward the development of high
yielding, biotic and abiotic resistance and/or tolerance, this
work has identified G14 as a high yielding and Cylas spp.
tolerant genotype that is stable for both traits. These combined
attributes will make it possible for its deployment across
many environments. Genotypes such as G11 and G13 could
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FIGURE 2 | GGE Biplot for root Cylas spp. indicating (A) superior genotype in a particular environment (B) Mean vs. Stability (C) ranking of genotypes. Codes of
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genotypes and environments are presented in Table 11.

be cultivated in environments with low Cylas spp. pressure
as they are highly productive but exhibit low Cylas spp.
tolerance. Genotypes G24, G37, and G31, which had average
yield but high and stable tolerance to Cylas damage, could
be used as elite germplasm toward the development of
new varieties that combine high yield and Cylas tolerance.

In general, the knowledge and extent of the genotype-by-
environment interaction (GEI) provided by this study would
assist breeders in deploying limited resources in the right varietal
development cycle. This study suggests that deploying resources
into conducting genotype testing in many locations and years
would be a worthwhile investment.
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