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Abstract

Sweetpotato is an important crop in many parts of the world especially in developing countries. It is used for
both human consumption as well as livestock feed. It is an important source of carbohydrates, vitamin C, fibre,
iron, potassium, protein and P-carotene. Its production is, however, constrained by several biotic and abiotic
factors, including pests and diseases, low soil fertility, drought, cold and salinity. Breeding is one of the ways to
overcome some of these constraints and in sweetpotato the polycross or controlled cross methods can be used. To
determine which of the two methods was more efficient, genotypes generated by both methods were evaluated
over two seasons at Namulonge and Kachwekano. The type of cross (polycross or controlled) was significantly
(P < 0.05) different for storage root yield, response to sweetpotato virus disease, Alternaria blight, and harvest
index (HI). The controlled cross families had a significantly higher mean HI of 43.2% than the polycross
families with a mean HI of 31.8%. Therefore, controlled crosses could be deployed to systematically increase the
HI in sweetpotato breeding populations. Significant (P < 0.05) differences were observed among families for all
traits. This stresses that the parents used in a cross are very important in generating genotypes with desired
attributes. It was apparent that both the polycross and controlled crosses are good methods for generating new
sweetpotato genotypes in a sweetpotato breeding program. Where aggregate performance was considered
(selection index) the controlled crosses method produced more (75% of the top 20 desirable genotypes) than the
polycross method across the two sites. However, the best three genotypes over the two sites were from the
polycross family of Ejumula. Therefore, sweetpotato controlled crosses could be very useful for population
improvement using recurrent selection while polycrosses could be suitable for variety development. Both
hybridization methods require cautious selection of parents to match the breeding objectives.

Keywords: selection index, sweetpotato virus disease, Alternaria blight and sweetpotato weevil
1. Introduction

Sweetpotato is the seventh most important food crop in the world (Loebnstein, 2016; FAOSTAT, 2016). It is an
important source of carbohydrates, vitamin C, fibre, iron, potassium and protein (Woolfe, 1992) and is an
excellent novel source of natural health promoting compounds, such as B-carotene and anthocyanins
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(Bovel-Benjamin, 2007). B-carotene is the precursor for vitamin A mainly from orange-fleshed sweetpotato
varieties (Woolfe, 1992; Yanggen & Nagujja, 2006). Despite the importance of sweetpotato, its production and
productivity are constrained by several biotic and abiotic factors (Kapinga & Carey, 2003). The main biotic
factors include, diseases mainly sweetpotato virus disease (SPVD) (Gibson et al., 1997; Karyeija et al., 1998;
Byamukama et al., 2004; Clark et al., 2012), Alternaria blight (4/ternaria spp.) (Osiru et al., 2007a; Osiru et al.,
2007b; Osiru et al., 2008; Clark et al., 2009) and the the major pests are sweetpotato weevils (Cylas spp.)
(Stathers et al., 2003). The abiotic constraints include low soil fertility, drought, limited range of processing and
utilization options and post-harvest problems such as lack of storage facilities and cold, heat and salinity
(Griineberg et al., 2015).

Sweetpotato breeding is one of the ways to overcome some of these constraints. In sweetpotato breeding, two
hybridisation methods are used, namely, the polycross or open pollination and the controlled cross method
(Wilson et al., 1989). However, sweetpotato breeding has several limitations because sweetpotato is highly
heterozygous, outcrossing, a hexaploid (2n = 6x = 90) with complex genetics and segregation patterns (Martin,
1982). Its breeding system has numerous self-compatibility, self-incompatibility, cross-compatibility and
cross-incompatibility challenges and has shy flowering habits in some regions of the world (Martin, 1965;
Wilson et al., 1989). With incompatibility and sterility in sweetpotato coupled with poor seed set, obtaining the
required cross-combinations is usually very difficult. Therefore, controlled crossing can be avoided by exploiting
random, open-pollination in a polycross design (Jones & Dukes, 1980; Stuber, 1980; Jones, 1986). A polycross is
the natural inter-crossing of a group of plants in an isolated crossing block (Stuber, 1980; Nyquist & Santini,
2007). In this design, only the female parent of each family is known, and the progeny are half-sibs (Stuber,
1980). However, for genetic studies the controlled cross method is used where both the female and male parents
are known (Wilson et al., 1989). Both the controlled and polycross methods generate viable botanical seed and
this study wanted to determine which of the two methods is more efficient in generating genotypes with desired
attributes under Ugandan conditions.

2. Method

Two parents, ‘Ejumula’ and ‘Wagabolige’ were used to generate seeds in an open pollinated, polycross design of
100 parents (Mwanga et al., 2008) and controlled cross seeds were generated from four parents ‘Ejumula’ and
‘Wagabolige’ as female parents and ‘New Kawogo’ and “‘NASPOT 1’ as the male parents. In the polycross, it is
assumed that the confounding effect due to different parents in the open-pollinated cross is similar for all crosses.
‘Ejumula’ is a released landrace in Uganda with low levels of field resistance to the SPVD, Alternaria leaf
petiole and stem blight (Alternaria blight) and the sweetpotato weevil; has high B-carotene (orange-fleshed) and
high dry matter content (34%) (Mwanga et al., 2007). “Wagabolige’ is also a released Ugandan landrace. It has
moderate to high field resistance to SPVD, moderately resistant to the sweetpotato weevil and has low field
resistance to Alternaria blight; it is white-fleshed (with no B-carotene) and high dry matter content (33%)
(Mwanga et al., 2001).

For the controlled crosses, ‘Ejumula’ was crossed with ‘New Kawogo’ (male) and ‘Wagabolige’ was crossed
with ‘NASPOT 1’ (male). ‘New Kawogo’ is a released landrace in Uganda. It has high field resistance to SPVD,
moderate resistance to sweetpotato weevil and low field resistance to Alternaria blight; it is white-fleshed (with
no B-carotene) and has high dry matter content (Stevenson et al., 2009; Mwanga et al., 2001). ‘NASPOT 1’ is a
bred and released cultivar from the Uganda Root Crops Program at the National Crops Resources Research
Program (NaCRRI), Namulonge. It has moderate field resistance to SPVD, is susceptible to the sweetpotato
weevil and Alternaria blight; it is cream-fleshed (low B-carotene) and has high dry matter content (33%)
(Mwanga et al., 2003).

Field experiments were conducted for two consecutive seasons at two locations representing two of the major
sweetpotato producing eco-geographic zones in Uganda, namely, (i) the tropical montane zone at the
Kachwekano Zonal Agricultural Research and Development Institute (KAZARDI), with bimodal rainfall
average of 1319 mm annually and high Alternaria blight pressure, (ii) the tropical rain forest zone, at the
National Crops Resources Research Institute (NaCRRI), Namulonge, with bimodal rainfall average of 1270 mm
annually and high SPVD pressure. The experimental sites also differed in soil type and pH. The trials were
established at the two sites during the first rains in April/May 2013 (2013A) and during the second rains in
September 2013 (2013B).

A total of 94 open pollinated progenies from the two families (20 ‘Ejumula’ and 74 ‘Wagabolige’) and 94
progenies from the two controlled cross families (52 from ‘Ejumula’ x ‘New Kawogo’ and 42 from ‘Wagabolige’
x ‘NASPOT 1°) were selected for the trial. An alpha-lattice design with one replication was used at both
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locations during the two seasons. The vines were planted on ridges spaced 1.0 m apart. Each experimental plot
consisted of 1 row, containing 5 plants spaced 0.3 m apart. The trials were kept weed free, and no supplemental
irrigation was done, and no fertilizers or pesticides were applied.

Number of vines established and the first SPVD and Alternaria blight rating was done 1 month after planting
(MAP). The pre-harvest data for SPVD and Alternaria blight were also collected 1 month before harvesting.
SPVD and Alternaria blight rating described by Griineberg et al. (2019) using a scale of 1 to 9 by scoring the
severity of damage using the disease symptoms on leaves and stems. For SPVD | 1 indicated no virus symptoms,
2 =unclear virus symptoms, 3 = clear virus symptoms < 5% of plants per plot, 4 = clear virus symptoms at 6 to
15% of plants per plot, 5 = clear virus symptoms at 16 to 33% of plants per plot, 6 = clear virus symptoms at 34
to 66% of plants per plot (more than 1/3, less than 2/3), 7 = clear virus symptoms at 67 to 99 % of plants per plot
(2/3 to almost all), 8 = clear virus symptoms at all plants per plot (not stunted), 9 = severe virus symptoms in all
plants per plot (stunted).

For Alternaria blight (AB), 1 indicated no symptoms, 2 = unclear symptoms, 3 = clear symptoms at < 5% per
plot, 4 = clear symptoms at 6 to 15% of plants per plot, 5 = clear symptoms at 16 to 33% of plants per plot (less
than 1/3), 6 = clear symptoms at 34 to 66% of plants per plot (more than 1/3, less than 2/3), 7 = clear symptoms
at 67 to 99 % of plants per plot (2/3 to almost all), 8 = clear symptoms at all plants (not fully defoliated), 9 =
severe symptoms at all plants per plot (fully defoliated).

Harvesting was done five MAP at Namulonge and seven MAP at Kachwekano (the delay at Kachwekano was
due to the cool climate in the highlands which causes a slower growth rate for most crops). At harvesting, the
number of vines harvested was recorded, vine weight, flesh color, root defects, weevil damage, and the total
storage root yield (RYTHA) was recorded in kilograms per plot and converted to t ha™, total biomass (BIOM)
was obtained by adding the vine weight to the RYTHA per plot and converted to t ha™ and the HI was obtained
by dividing the RYTHA by the BIOM.

Scoring for weevil damage (WED) was done using a scale of 1-9; where 1 = no damage, 3 = minor, 5 =
moderate, 7 = heavy and 9 = severe damage, with numbers in between representing intermediate ratings. Storage
root flesh colour (RFC) was determined using CIP colour chart, with a range of 1 to 30, where 1 = white and 30
= dark orange. Thr RFC was the converted to the B-carotene equivalent content in mg/100 g.

Analysis of variance (ANOVA) for each of the observed seven traits was done using the general linear model
procedure, PROC GLM (SAS 9.4, SAS Institute, Cary, North Carolina) in two steps. Data were first classified by
location, season, family, and genotype within family to assess the difference among the families. The model was,

yijklm U + li + Sj + fk + g(f)l(k) + lsij + ﬂsijk + glsl(k)ij (1)
where, 1; is the location, s; is the season, f is family, 1 is genotype within family, Is;; is the season by
location interaction, fls;; is family by season by location interactions, g(f)lsl(k)ij is a residual that contains the
interaction between genotype within family by season by location, plus within-trial error. The population mean,
family minimum and maximum were calculated and the least significant difference (LSD alpha = 0.05) was used
for comparing means of the families. In the second step data were classified by location, season, crosstype
(whether the genotypes were derived from a polycross or controlled cross) and family within crosstype, with
only crosstype as the fixed factor to assess the difference between polycross and controlled cross. The model
was,

yijk =l + 1i + sj + Cp + f(C)k(p) + g(f)l(k) + 1Sij + Clspij + f(c)lsijk + glsl(k)ij (2)
where, 1; is the location, s; is the season, c, is the crosstype, f(c)k(p) is the family, g(t)l(k) is the genotype
within family, ls;; is the location by season interaction, cls,;; is the crosstype by location by season interaction,

f(c)ls; is the family by season interaction, and glsl(k)ij is a residual that contains the genotype by location by
season interaction and within-trial error.

A selection index (SI) was used for discriminating between genotypes with a good aggregate of the desired traits
from those with a poor aggregate in each of the four families. The traits weighted in the SI were: RYTHA;
Alternaria blight severity scores; SPVD severity scores and WED. Since the traits (variables) were measured in
different units with large differences in their magnitude and variance, they were standardized to make them
comparable. Standardization was done separately for the controlled and polycross progeny after which the
phenotypic value (Pij) for each progeny was obtained. The standardization was done as follows (Steel & Torrie,
1960):
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Py = (xij — my)/s; 3)

where, P = Standardized phenotypic value; x;; = Observed value of the trait i measured on genotype j; m; =
Overall mean of trait i; and s; = Standard deviation of trait i.

The standardised phenotypic values were used to compute the SI for each genotype according to a modified
formula of Ceballos et al. (2004). The specific formula for the SI was:

SI = (RYTHA x W4) — (SPVD x W3) — (WED x W2) — (AB x W1) )

W1-W4 are weights assigned to a trait where W is a weighting from 1 to 4. The magnitude of the weight
depended on its importance. Since the importance of the traits varies with location, separate SI were developed
for NaCRRI and Kachwekano. At NaCRRI, SPVD is the most important constraint thus was assigned a greater
weight while at Kachwekano Alternaria blight is the most important and was assigned a higher weight than
SPVD. At NaCRRI, the weights were assigned as follows: RYTHA =4, SPVD=3, WED=2, AB=1. At
Kachwekano the weights were assigned as follows: RYTHA=4, AB=3, SPVD=1 and WED=2. A
negative sign in the SI formula indicates that the trait was undesirable and contributed negatively to the SI.

Variance components for quantitative traits were estimated using data classified by genotypes within family
across seasons and locations. The model was,

yijklm =p+ 11' + §j + gy + glsijk (5)
where, [ is the location, s; is the season g _is genotype, glsy contains genotype by season by location
interaction and within-trial error. Also, the broad-sense heritability (h?) of observed traits was calculated using
the formula below:
<2
3G

h’ = (6)

2 2
3
a%iJr GE , err
e ge

where, 8%, is the variance component due to the genotype, SZGE is the variance component due to the interaction
of genotype by environment, e is the number of environments and g is the number of genotypes.

3. Results

Overall, progenies derived from polycross and controlled crosses evaluated at Namulonge and Kachwekano
during the 2013 A and 2013B seasons had an average storage root yield of 9.1 t/ha, average biomass of 24.7 t/ha,
average HI of 39%, and average B-carotene content of 0.8 mg/100 g on a fresh weight basis and average SPVD,
Alternaria blight and weevil damage scores of 2.2, 1.9 and 1.9, respectively (Table 1). The controlled cross
family ‘Wagabolige x NASPOT 1’ had the highest storage root yield, 10.3 t/ha, while the polycross family of
‘Wagabolige (op)’ had the least storage root yield of 6.4 t/ha (Table 1). Two families ‘Ejumula (op)’ and
‘Ejumula x New Kawogo’ had the least weevil damage score of 1.7, while the controlled cross family of
‘Wagabolige x NASPOT 1’ had the highest weevil damage score of 2.0. The least B-carotene content of 0.0
mg/100 g, was observed in the controlled cross family of ‘Ejumula x New Kawogo’ and the highest B-carotene
content of 1.1 mg/100 g in the polycross family of ‘Ejumula (op)’. Biomass yield was highest in the controlled
cross family of “‘Wagabolige x NASPOT 1’ of 25.4 t/ha and lowest in the controlled cross family of ‘Ejumula x
New Kawogo’ at 21.0 t/ha. HI was highest in the ‘Wagabolige x NASPOT 1’ family, 44.3%, and lowest in the
polycross family of “Wagabolige (op)’ 29%.

Table 1. Family means for traits observed at Namulonge and Kachwekano over two seasons in 2013

Storage root Weevil Biomass -carotene content

Family sield ft hay  SPVD Altermaria o iy HArvestindex fmg 100 ¢ FWE)
Ejumula op 6.6 24 1.7 1.7 22.8 343 1.1

Wagabolige op 6.4 2.4 1.7 1.8 21.9 29 0.2

Ejumula x New Kawogo 7.9 2 2.3 1.7 21 39.1 0

Wagabolige x NASPOT 1 10.3 2.2 2 2 25.4 44.3 0.7

‘Mean 91 22 19 19 247 39 o8

LSD (0.5 1.3 0.5 0.4 0.1 4.5 16 0.1

Individual genotypes, (genotype (family)), differed significantly in their mean storage root yields, weevil
damage and B-carotene content (Table 2). Also, families, (family (cross type)), differed significantly in their
mean storage root yields, biomass yield, HI, SPVD, Alternaria blight, weevil damage scores and B-carotene
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(Table 3). The effect of location on the performance of families derived by either polycross or controlled crosses
was significant for all the traits except f-carotene content and the effect of season on the performance of families
was significant for all traits accept Alternaria blight and B-carotene content (Table 3).

Table 2. Family analysis of variance mean squares for seven sweetpotato traits of progenies derived from
controlled cross and polycross families evaluated at Namulonge and Kachwekano during seasons 2013A and
2013B

X Source
Traits *Location, . "Season,§  L*$ ‘genotype (Family)  “L*S*genotype (Family) ~ “Family, F  'Error
Storage root yield (t/ha) ~ 7251.2%* 1380.3*%* 2361.2%  101.3* 59.3 1297.6%* 291
SPVD 48 3.1 6.6 0.9 0.5 14.4 1.8
Alternaria blight 52 13 10.5 0.9 0.5 20.7 7.4
Weevil damage 49.9%%* 8.3%* 73.3 1.1%* 1.1%* 3.6%* 1.1
Biomass (t/ha) 29814.1 20742.7 3783.4 749.2 342.9 1569.3 1078.4
Harvest index 1393.7 2799.4 19081.8  821.6 385.5 13510.8 1994.4
B-carotene content 0.6 9.0* 3.5% 3.9* 0.8 48.6%* 1.5

Note. ** = significant at P < 0.01; * = significant at P < 0.05.
* Mean square tests the significant effect of location on the performance of genotypes.
® Mean squares tests the significant effects of seasons on the performance of genotypes.

¢ Tests the significant effect of individual genotypes (progenies derived from both polycross and controlled
crosses).

4 Test the significant effect of genotype x environment interaction on the on the performance of genotypes.
© Tests the significant effect of the family on the performance of progenies.

" Error term contains the interaction between crosstype with location, season and family that, plus within-trial
error.

Table 3. Crosstype analysis of variance mean squares for seven sweetpotato traits of progenies derived by either
controlled crosses or polycross evaluated at Namulonge and Kachwekano during seasons 2013A and 2013B

Traits " - - " Source i " - T
Location, L  "Season,S L*S Crosstype  “L*S*crosstype ‘Family(crosstype) 'Error
Storage root yield (t/ha) ~ 7176.9** 1029.8%* 3394.6%* 1198.4%* 827.2%* 433.2%* 95.6
SPVD 53.4%* 6.6%* 10.5%* 38.2%* 4.1%* 2.9%* 0.3
Alternaria 6.6%* 1.5 11.0%* 63.1%* 17.7%* 4.8%* 3.8
Weevil damage 51.9%* 12.1%* 92.2%%* 0.2 0.1 3.7* 1
Biomass (t/ha) 25402.0%* 16009.7%*  7417.4** 147.7 3174.0%* 971.4 1208
Harvest Index 1932.3%* 5690.6** 28722.5%*  14989.6**  3970.1** 48478.0%* 644.7
B-carotene content 0.5 18.5% 5.9 19.0%* 0.4 74.2%* 2.4

Note. ** = significant at P < 0.01; * = significant at P <0.05.
* Mean squares tests the significant effect of location on the performance of families.
" Mean squares tests the significant effects of seasons on the performance of families.

¢ Tests the significant effect of overall least significant mean of the cross type (polycross vs controlled cross
derived progenies) on the performance of families.

4 Tests the significant effect of location, season and cross type on the performance of families.
¢ Tests the significant effect of the parents and crossing method on the performance of families.

" Error term containss the interaction of genotype with location, season and crosstype, plus within-trial error.

Storage root yield, SPVD, Alternaria blight, biomass and HI performance of families was significantly affected
by the crosstype (whether they were obtained by polycross or controlled cross method) (Table 3). The storage
root yield of progenies obtained from the controlled crosses of “Wagabolige x NASPOT 1’ and ‘Ejumula x New
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Kawogo’ averaged 9.8 t/ha over the two locations and seasons while storage root yield for progenies from the
polycross of “Wagabolige op’ and ‘Ejumula op’ was 6.5 t/ha (Table 4). The mean SPVD and Alternaria blight
scores for progenies from controlled crosses over location and season was 2.1 while the mean SPVD and
Alternaria blight scores for progenies from the polycross was 2.4 and 1.8, respectively. HI across locations and
seasons was 43.2% for progenies derived from controlled crosses and 31.8% for progenies obtained by the
polycross method.

Table 4. Mean performance of progenies derived from controlled crosses and polycross evaluated at Namulonge
and Kachwekano during 2013A and 2013B seasons

Cross type S‘torage root SPVD Al.ternaria Weevil Biomass .Harvest p-carotene content
yield (t/ha) blight damage (t/ha) index (mg/100 g FWB)
Controlled 9.8 2.1 2.1 1.8 24.5 432 0.4
Polycross 6.5 2.4 1.8 1.8 22.4 31.8 0.9
Mean difference 33 0.3 0.3 0 2.1 11.4 0.6
LSDgey 09 o1 or o1 23 25 02

There were significant differences (P < 0.05) between the polycross and controlled cross families for SPVD
resistance, subsequently the controlled crosses method produced more progeny showing field resistance (SPVD
score < 3) (Figure 1) at the high virus pressure site of Namulonge.

Families within cross type were significantly different (P < 0.05) for Alternaria blight. The polycross families
were more resistant to Alternaria blight (mean score 1.8) than the controlled cross families (mean score 2.1).
However, the number of progenies showing field resistance (Alternaria blight score < 3) (Figure 2) at the
Alternaria blight hotspot site of Kachwekano was higher from the controlled crosses. This shows that although
the polycross method was superior to the controlled cross method in generating Alternaria blight resistant
genotypes, the parents used in the crossing method are very important. However, this would also require
validation with more parents and larger samples.
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Figure 1. Distribution of mean sweetpotato virus disease severity in progenies derived from controlled crosses
(blue) and polycrosses (orange) at Namulonge during the seasons of 2013A and 2013B
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Figure 2. Distribution of mean Alternaria blight disease severity in progenies derived from controlled crosses
(blue) and polycrosses (orange) at Kachwekano during the seasons of 2013A and 2013B

Table 5. Twenty top progenies based on selection index for four agronomic traits evaluated at Namulonge over

two seasons in 2013

Progeny Storage . Harvest . R p-Carotene .
Family (C =hand cross;  root yield Biomass index SPVD Al.ternarla Weevil content .Selectlon
(t/ha) blight damage index
P = polycross) (t/ha) (%) (mg/100 ¢ FWB)
Ejumula x New Kawogo 1.08C 19.0 40.0 47.5 2.5 2.5 1.0 0.0 439
Wagabolige op 2.49P 30.0 473 63.4 2.0 2.0 1.0 0.0 395
Wagabolige x NASPOT 1 2.163C 33.7 26.7 37.2 2.8 1.5 1.0 0.6 38.7
Wagabolige x NASPOT 1 2.57C 29.3 43.0 69.3 1.5 2.0 1.5 0.1 38.5
Wagabolige x NASPOT 1 2.135C 33.7 53.7 60.3 2.3 1.8 1.5 0.1 37.9
Wagabolige x NASPOT 1 2.70C 30.9 66.3 46.7 1.5 1.5 2.0 0.0 374
Wagabolige x NASPOT 1 2.75C 30.5 50.5 58.1 2.3 1.5 1.5 0.1 343
Wagabolige x NASPOT 1 2.08C 29.0 73.7 39.4 2.5 1.8 1.0 0.1 33.9
Wagabolige x NASPOT 1 2.19C 10.3 19.0 54.4 1.5 1.5 1.0 0.1 333
Wagabolige x NASPOT1 2.154C 26.0 38.0 68.4 1.8 1.5 1.5 0.0 33.1
Wagabolige x NASPOT 1 2.83C 36.4 48.7 21.6 2.3 1.8 2.5 0.1 31.6
Wagabolige x NASPOT 1 2.162C 373 573 65.3 3.0 1.5 2.0 1.4 312
Ejumula x New Kawogo 1.09C 273 45.7 54.4 2.0 2.0 1.5 0.1 30.8
Ejumula x New Kawogo 1.46C 26.5 75.1 33.8 1.5 1.8 2.0 0.1 30.5
Wagabolige x NASPOT 1 2.148C 27.4 89.4 27.2 1.8 1.5 2.0 0.0 30.1
Wagabolige x NASPOT 1 2.219C 323 55.0 54.9 3.0 1.5 1.5 0.8 29.4
Wagabolige x NASPOT 1 2.167C 24.9 39.9 61.3 1.5 1.8 2.0 0.1 28.3
Ejumula x New Kawogo 1.36C 13.3 26.7 50.0 2.5 2.5 1.0 0.0 28.2
Wagabolige x NASPOT 1 2.46C 21.0 29.0 71.7 2.0 1.8 1.0 0.7 279
‘Wagabolige op 2.53P 16.3 60.3 27.0 1.5 1.5 1.0 0.0 272
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Table 6. Twenty top progenies based on selection index for four agronomic traits evaluated at Kachwekano over
two seasons in 2013

Progeny Storage . . B 3
Family (C=hand cross; oot yield Biomass  Harvest SPVD Al.ternarla Weevil p-Carotene .Selectlon
(t/ha) Index (%) blight damage content index
P = polycross) (t/ha)
Ejumula op 1.70P 57.6 59.2 97.3 1.0 1.5 1.0 4.0 87.9
Ejumula op 1.67P 477 48.9 97.5 2.5 1.5 1.0 1.4 64.3
Ejumula op 1.68P 43.6 44.8 97.3 2.0 1.5 1.0 0.1 61.9
Wagabolige x NASPOT 1 2.150C 53.9 100.5 53.6 1.5 1.5 4.0 0.1 49.4
Wagabolige x NASPOT 1 2.08C 28.4 109.7 259 2.0 1.0 1.0 0.2 46.0
Wagabolige x NASPOT 1 2.135C 29.2 62.6 50.8 2.0 1.3 1.0 0.1 44.6
Wagabolige x NASPOT 1 2.126C 12.8 50.5 254 33 1.5 1.0 0.0 40.4
Ejumula op 1.66P 31.6 352 82.2 1.5 2.3 1.5 1.2 36.2
Wagabolige x NASPOT 1 2.163C 21.2 452 46.9 1.5 1.5 1.0 0.0 34.4
Wagabolige x NASPOT 1 2.100C 23.6 46.9 50.3 2.0 1.5 1.0 6.1 343
Ejumula op 1.62P 17.1 17.9 69.2 1.5 1.3 1.0 2.1 31.2
Wagabolige x NASPOT 1 2.01C 17.3 56.7 30.6 1.5 1.5 1.0 1.5 29.0
Wagabolige op 2.35P 17.5 20.3 60.0 1.8 1.0 1.5 0.1 27.5
Wagabolige x NASPOT 1 2.174C 21.0 383 459 1.5 1.8 1.5 0.1 26.6
Wagabolige x NASPOT 1 2.180C 333 60.0 55.6 1.5 2.0 3.0 0.0 26.1
Wagabolige op 2.42P 16.1 56.5 28.6 1.8 1.0 1.5 0.0 25.7
Ejumula x New Kawogo 1.40C 17.1 32.1 53.1 2.0 1.5 1.0 0.0 253
Ejumula op 1.57pP 19.5 321 60.6 2.5 1.5 1.0 0.1 253
Wagabolige op 2.30P 18.0 36.7 40.7 1.5 1.5 1.5 0.0 249
Wagabolige x NASPOT 1 2.136C 16.9 67.5 30.3 1.5 1.5 1.5 0.1 23.4

Table 7. Top twenty progenies at both Namulonge and Kachwekano based on selection index for four agronomic
traits evaluated over two seasons in 2013

Progeny Storage . . : .
Family (C = handeross; root yield Biomass  Harvest SPVD Al.ternarla Weevil Carotene  Selection
(t/ha) Index (%) blight damage  content Index
P = polycross) (t/ha)
Ejumula op 1.70P 57.6 59.2 97.3 1.0 1.5 1.0 4.0 87.9
Ejumula op 1.67P 47.7 48.9 97.5 2.5 1.5 1.0 1.4 64.3
Ejumula op 1.68P 43.6 44.8 97.3 2.0 1.5 1.0 0.1 61.9
Wagabolige x NASPOT 1 2.150C 539 100.5 53.6 1.5 1.5 4.0 0.1 494
Wagabolige x NASPOT 1 2.08C 28.4 109.7 259 2.0 1.0 1.0 0.2 46.0
Wagabolige x NASPOT 1 2.135C 29.2 62.6 50.8 2.0 1.3 1.0 0.1 44.6
Ejumula x New Kawogo 1.08C 19.0 40.0 47.5 2.5 2.5 1.0 0.0 439
Wagabolige x NASPOT 1 2.126C 12.8 50.5 254 33 1.5 1.0 0.0 40.4
Wagabolige op 2.49P 30.0 473 63.4 2.0 2.0 1.0 0.0 39.5
Wagabolige x NASPOT 1 2.163C 33.7 26.7 372 2.8 1.5 1.0 0.6 38.7
Wagabolige x NASPOT 1 2.57C 29.3 43.0 69.3 1.5 2.0 1.5 0.1 38.5
Wagabolige x NASPOT 1 2.135C 33.7 53.7 60.3 2.3 1.8 1.5 0.1 379
Wagabolige x NASPOT 1 2.70C 309 66.3 46.7 1.5 1.5 2.0 0.0 374
Ejumula op 1.66P 31.6 352 82.2 1.5 2.3 1.5 1.2 36.2
Wagabolige x NASPOT 1 2.163C 212 45.2 46.9 1.5 1.5 1.0 0.0 344
Wagabolige x NASPOT 1 2.100C 23.6 46.9 50.3 2.0 1.5 1.0 6.1 343
Wagabolige x NASPOT 1 2.75C 30.5 50.5 58.1 2.3 1.5 1.5 0.1 343
Wagabolige x NASPOT 1 2.08C 29.0 73.7 39.4 2.5 1.8 1.0 0.1 339
Wagabolige x NASPOT 1 2.19C 10.3 19.0 54.4 1.5 1.5 1.0 0.1 333
Wagabolige x NASPOT 1 2.154C 26.0 38.0 68.4 1.8 1.5 1.5 0.0 33.1

To obtain genotypes with a good aggregate of desired traits, a SI was used. Given the different levels of
importance of the traits at Namulonge and Kachwekano, separate indexes were calculated for each location. At
Namulonge, the controlled crosses performed better than the polycross with 18 genotypes from controlled cross
(90%) being among the top 20 genotypes with desirable traits (Table 5). However, of the 18 controlled cross
genotypes, 14 genotypes (about 89%) were from ‘Wagabolige x NASPOT 1’ family. Thus, much as ‘Ejumula x
New Kawogo’ and ‘Wagabolige x NASPOT 1’ were from the same crossing method, ‘Wagabolige x NASPOT 1°
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produced more genotypes among the top 20 performers than ‘Ejumula x New Kawogo’. The only two polycross
genotypes of the top 20 genotypes at Namulonge were from the “Wagabolige op’ family.

At Kachwekano, where Alternaria blight is the most important biotic constraint, the controlled cross method had
11 genotypes (55%) among the top 20 genotypes selected, of which 10 genotypes were from the ‘Wagabolige x
NASPOT 1’ family (Table 6). This clearly shows that the cross combination of ‘Wagabolige x NASPOT 1’ was a
superior controlled cross. This implies that for controlled crosses, selecting the best combination of the parents is
very valuable. However, when the selections are made from both locations (Namulonge and Kachwekano), 15
genotypes (75%) of top 20 genotypes are from the controlled crosses (Table 7). However, the best three
genotypes (15%) with a good aggregate of the desired traits are from the polycross family of ‘Ejumula (op)’
(Table 7).

Table 8. Variance component estimations for the trials conducted at Namulonge and Kachwekano to compare the
performance of genotypes generated by polycross and controlled crosses for two the seasons of 2013

Trait 8 8% O LS o% 82 o H?
Storage root yield (t*/ha’) 16.1 4.6 65.0 17.1 0.7 54.0 30.0
Biomass (t/ha?) 54.4 293 0.0 144.2 350.0 228.1 60.0
HI 1.6 0.4 0.0 168.0 447.8 170.1 98.8
B-Carotene content 0.0 0.0 0.9 1.3 0.0 1.3 100.0

Broad-sense heritability (h%) of observed quantitative traits was calculated as a ratio of the genetic variance and
the phenotypic variance components. The broad sense heritability for storage root yield, biomass, HI and
B-carotene content varied from 30% (storage root yield) to 100 (B-carotene content and HI) (Table 8). The
variance component estimates of the interaction of the genotypes with the environment (6szLXs) was far greater
than the genetic variance (6%) estimates for storage root yield. This implies that unlike other quantitative traits
like biomass, HI and B-carotene content, sweetpotato breeding efforts for storage root yield will be affected by
the strong GXE interactions and progenies ought to be analyzed for yield stability.

4. Discussion

This study was conducted to compare the two sweetpotato breeding methods: the controlled cross method and
the polycross method. This information will be useful in improving the efficiency of breeding programs.
Significance of the cross type (polycross or controlled cross) for storage root yield, SPVD, Alternaria blight and
HI indicates that the crossing method is very important in generating genotypes with resistance to SPVD and
Alternaria blight and improving storage root yield and HI. For instance, there were significant differences
(P<0.05) between the polycross and controlled cross families for SPVD resistance, subsequently the controlled
crosses method produced more progeny showing field resistance (SPVD score < 3) (Figure 1) at the high virus
pressure site of Namulonge. This indicates that the crossing method is very important in generating SPVD
resistant progenies. Considerable genetic variation for SPVD resistance has been reported in sweetpotato
breeding populations (Gruneberg et al., 2015). It is plausible to attribute the superiority of the controlled cross
method to the very low frequencies (< 0.2%) of high resistance levels to SPVD in breeding populations which,
necessitates carefully selecting parents (Mwanga et al., 2002). Strategies for selecting parents can be based on
the performance of parents per se, the performance of their progenies or molecular markers in genomic selection
models or a combination of the different strategies (Witcombe & Virk, 2009; Burguefio et al., 2012).
Unfortunately, the study did not consider inclusion of parents to allow for parent-offspring analysis. Similar
studies in future will be able to deploy DNA markers for SPVD resistance that are currently in the experimental
validation phase and genomic selection tools for sweetpotato are under development (Mwanga et al., 2017; Wu
etal., 2018).

Improvement for storage root yield is high priority in sweetpotato breeding programmes all over the world.
Higher storage root yield can be achieved by either increasing the total biological yield (biomass) or increasing
the proportion of the biomass allocated to storage roots, thus increasing the HI (Gruneberg et al 2015). This
study shows that the crossing method does not affect significantly (P < 0.05) the expression of biomass. Biomass
is an indicator of the plant’s net assimilation ability and our results show that both crossing methods can be used
to successfully improve it. However, the crossing method significantly (P < 0.05) affected the allocation of
biomass into storage root yield, subsequently affecting the HI among the families. The controlled cross families
had a significantly higher mean HI, 43.2% than the polycross families with a mean HI of 31.8% (Table 4). This
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indicates that larger genetic gains for storage root yield could be obtained by increasing the HI from controlled
crosses than the polycross method. Therefore, controlled crosses can be deployed to systematically increase the
HI in breeding populations. The significant effect of family within cross type on both storage root yield and HI
continue to emphasize the importance of the attributes of the parents used in the crossing method.

The significance (P < 0.05) of the differences between the four families within cross type for all traits indicate
that the families reacted differently for the different traits. Further highlighting that the parents used in a cross
are very important in generating genotypes with desired attributes. This underscores the need to for breeding
sweetpotato programs to invest in pre-breeding studies to select parents to be used in either controlled crosses or
a polycross that will produce acceptable, high yielding, pest and disease resistant progenies. For instance,
understanding the combining abilities, mid-parental values and divergence coefficients among the parents before
they are used in either a controlled cross or in a polycross is crucial. For example, in the selection indices, most
of the genotypes that constituted the top 20 performers at the two sites from the controlled crosses came from
‘Wagabolige’ x ‘NASPOT 1’ cross and very few from ‘Ejumula’ X ‘New Kawogo’. However, the best three
genotypes (15%) with a good aggregate of the desired traits are from the polycross family of ‘Ejumula (op)’
(Table 7). This shows that unlike the biparental controlled cross method, the polycross method which is
generating progenies from a wider genetic background provides sufficient variability to allow selection of
varieties combining many desirable attributes. Most breeding programs in SSA have made selections for variety
release from the polycrosses (Gruneberg et al., 2015). This study shows that controlled crosses also generate
many top performing genotypes indicating the potential of the method to increase the frequency of high
performing genotypes and could be very useful for population improvement. It was apparent that both the
polycross and controlled crosses are good methods for generating new sweetpotato genotypes in a sweetpotato
breeding program. In subsequent studies, a comparison of the cost of implementing a breeding program using
either of the two crossing methods in view of the genetic gain realised may be beneficial.

Acknowledgements

This study was supported by the International Potato Center (CIP) as part of the SASHA II project, funded by the
CGIAR Research Program on Roots, Tubers and Bananas (RTB) under the CGIAR Fund Donors
(http://www.cgiar.org/about-us/our-funders). The authors thank the National Agricultural Research Organization
for providing sites for the trials. The authors contributed equally to the study. Charles Wesonga and Godfrey
Seruwu designed and implemented the study and drafted the first manuscript, Reuben Ssali performed the
statistical analysis and coordinated the development of the manuscript, Bernard Yada and Gorretti Semakula
reviewed tha manuscript. Wolfgang Griineberg and Raul Eyazaguire guided the statistical data analysis,
interpretation and manuscript development. Jan Low planned and sourced funding of the study. Robert Mwanga
supervised and guided the study from the design to the manuscript development and reviewed the manuscript.

References

Bovell-Benjamin, A. C. (2007). Sweetpotato: A review of its past, present, and future role in human nutrition.
Advances in Food and Nutrition Research, 52, 1-59. https://doi.org/10.1016/S1043-4526(06)52001-7

Burgueiio, J., de los Campos, G., Weigel, K., & Crossa, J. (2012). Genomic Prediction of Breeding Values when
Modeling Genotype x Environment Interaction using Pedigree and Dense Molecular Markers. Crop Sci., 52,
707-719. https://doi.org/10.2135/cropsci2011.06.0299

Byamukama, E., Gibson, R. W., Aritua, V., & Adipala, E. (2004). Within-crop spread of sweet potato virus
disease and the population dynamics of its whitefly and aphid vectors. Crop Protection, 23, 109-116.
https://doi.org/10.1016/j.cropro.2003.07.003

Ceballos, H., Iglesias, A., Perez, J. C., & Dixon, A. G. O. (2004). Cassava breeding: Opportunities and
challenges. Plant Molecular Biology, 56, 503-516. https://doi.org/10.1007/s11103-004-5010-5

Clark, C. A., Davis, J. A., Abad, J. A., Cuellar, W. J., Fuentes, S., Kreuze, J. F., ... Valkonen, J. P. T. (2012).
Sweetpotato viruses: 15 years of progress on understanding and managing complex diseases. Plant Disease,
96, 168-185. https://doi.org/10.1094/PDIS-07-11-0550

Clark, C. A., Holmes, G. J., & Ferrin, D. M. (2009). Major fungal and bacterial diseases. In G. Loebenstein, & G.
Thottappilly (Eds.), The Sweetpotato (pp. 81-103). Springer Science and Business Media BV, Houten, The
Netherlands. https://doi.org/10.1007/978-1-4020-9475-0 7

FAOSTAT. (2016). Retrieved from http://faostat.fao.org/site/567/DesktopDefault.aspx?PagelD=567#ancor

132



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 17; 2019

Gibson, R. W., Mwanga, R. O. M., Kasule, S., Mpembe, 1., & Carey, E. E. (1997). Apparent absence of viruses
in most symptomless field-grown sweetpotato in Uganda. Annals of Applied Biology, 130, 481-490.
https://doi.org/10.1111/j.1744-7348.1997.tb07676.x

Griineberg, W. J., Eyzaguirre, R., Diaz, F., de Boerck, B., Espinoza, J., Mwanga, R. O. M., ... Low, J. (2019).
Procedures for the evaluation of sweetpotato trials. International Potato Center, Lima, Peru. https://doi.org/
10.4160/9789290605225

Griineberg, W. J., Ma, D., Mwanga, R. O. M., Carey, E. E., Huamani, K., Diaz, F., ... Yencho, G. C. (2015).
Advances in sweetpotato breeding from 1993 to 2012. In J. Low, M. Nyongesa, S. Quinn, & M. Parker
(Eds.), Potato and Sweetpotato in Africa: Transforming the Value Chains for Food and Nutrition Security.
CAB International, Wallingford, U.K. https://dx.doi.org/10.1079/9781780644202.0003

Jones, A. (1965). A proposed breeding procedure for sweetpotato. Crop Science, 5, 191-192. https://doi.org/
10.2135/cropscil965.0011183X000500020033%

Jones, A. (1986). Sweetpotato heritability estimates and their use in breeding. Horticultural Science, 21, 14-17.

Jones, A., & Dukes, P. D. (1980). Heritability of sweetpotato resistance to root knot nematodes caused by
Meloidogyne incognita and M. javanica. Journal of American Society of Horticultural Science, 105,
154-156.

Kapinga, R. E., & Carey, E. E. (2003). Present status of sweetpotato breeding for Eastern and Southern Africa. In
D. Rees, Q. van Oirschot, & R. Kapinga (Eds.), Sweetpotato post-harvest assessment, experiences from
East Africa (pp. 3-8). Natural Resources Institute, Chatham, UK.

Karyeija, R. F., Kreuze, J. F., Gibson, R. W., & Valkonen, J. P. T. (1998). The significance of sweetpotato
feathery mottle virus in subsistence sweetpotato production in Africa. Plant Disease, 82, 4-15.
https://doi.org/10.1094/PDIS.1998.82.1.4

Loebenstein, G. (2016). Sweet potato, a research neglected important food crop, regarding virus research and
propagation systems: A review. Austin J Plant Biol., 2(1), 1012.

Martin, F. (1965). Incompatibility in the sweetpotato: A review. Economic Botany, 19, 406-415.
https://doi.org/10.1007/BF02904812

Martin, F. W. (1982). Analysis of the incompatibility and sterility of the sweet potato. In R. L. Villareal, & T. D.
Griggs (Eds.), Sweet Potato. Proceedings of the First International Symposium (pp. 275-283). Asian
Vegetable Research and Development Center, Shanhua, Tainan, Taiwan.

Mwanga, R. O. M., Andrade, M. 1, Carey, E. E., Low, J. W., Yencho, G. C., & Griineberg, W. J. (2017).
Sweetpotato ([pomoea batatas L.). In H. Campos, & P. D. S. Caligari (Eds.), Genetic Improvement of
Tropical Crops (pp. 181-218). Springer, Cham. https//doi.org/10.1007/978-3-319-59819-2

Mwanga, R. O. M., Kriegner, A., Cervantes, F., Zhang, D. J., Moyer, J., & Yencho, G. C. (2002). Resistance to
sweetpotato chlorotic stunt virus and sweetpotato feathery mottle virus is mediated by two separate
recessive genes in sweetpotato. Journal of American Society for Horticultural Science, 127, 798-806.
https://doi.org/10.21273/JASHS.127.5.798

Mwanga, R. O. M., Odongo, B., Niringiye, C., Alajo, A., Abidin, P. E., Kapinga, R., ... Carey, E. E. (2007).
Release of two orange-fleshed sweetpotato cultivars, ‘SPK004’ (‘Kakamega’) and ‘Ejumula’ in Uganda.
HortScience, 42(7), 1728-1730. https://doi.org/10.21273/HORTSCI1.42.7.1728

Mwanga, R. O. M., Odongo, B., p’Obwoya, C. O., Gibson, R. W., Smit, N. E. J. M., & Carey, E. E. (2001).
Release of five sweetpotato cultivars in Uganda. HortScience, 36, 385-386. https://doi.org/10.21273/
HORTSCI.36.2.385

Mwanga, R. O. M., Odongo, B., Turyamureeba, G., Alajo, A., Yencho, G. C., Gibson, R. W,, ... Carey, E. E.
(2003). Release of six sweetpotato cultivars (‘NASPOT 1 to NASPOT 6’) in Uganda. HortScience, 38,
475-476. https://doi.org/10.21273/HORTSCI.38.3.475

Mwanga, R., Yencho, C., & Stevenson, P. (2008). Development of high yielding multiple resistant germplasm.
McKnight Foundation Collaborative Research Program. Retrieved from http://www.ccrp.org

Nyquist, W. E., & Santini, J. B. (2007). Pollen dispersion within a population, non-random mating theory, and
number of replications in polycross nurseries. Crop Science, 47, 547-560. https://doi.org/10.2135/
cropsci2006.06.0397

133



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 17; 2019

Osiru, M., Adipala, E., Olanya, O. M., Kelly, P., Lemaga, B., & Kapinga, R. (2008). Leaf petiole and stem blight
disease of sweetpotato caused by Alternaria bataticola in Uganda. Plant Pathology, 7, 118-119.
https://doi.org/10.3923/ppj.2008.118.119

Osiru, M., Adipala, E., Olanya, O. M., Lemaga, B., & Kapinga, R. (2007a). Occurrence and distribution of
Alternaria leaf petiole and stem blight in Uganda. Plant Pathology, 6, 112-119. https://doi.org/10.3923/
ppj.2007.112.119

Osiru, M., Olanya, O. M., Adipala, E., Lamega, B., Kapinga, R., Namanda, S., & El-Bedewy, R. (2007b).
Relationships of Alternaria leaf petiole and stem blight disease to yield of sweetpotato cultivars. African
Potato Association Conference Proceedings, 7, 141-151.

Stathers, T. E., Rees, D., Kabi, S., Mbilinyi, L., Smit, N., Kiozya, H., ... Jeffries, D. (2003). Sweetpotato
infestation by Cylas spp. in East Africa: Cultivar differences in field infestation and the role of plant factors.
International Journal of Pest Management, 49, 131-140. https://doi.org/10.1080/0967087021000043085

Steel, R. G. D., & Torrie, J. H. (1960). Principles and Procedures of Statistics. McGraw-Hill Book Company,
New York, USA.

Stevenson, P. C., Muyinza, H., Hall, D. R., Porter, E. A., Dudley, I. Farman, D. 1., Talwana, H., & Mwanga, R. O.
M. (2009). Chemical basis for resistance in sweetpotato Ipomoea batatas to the sweetpotato weevil, Cylas
puncticollis. Pure Appl Chem, 81, 141-151. https://doi.org/10.1351/PAC-CON-08-02-10

Stuber, C. W. (1980). Mating designs, field nursery layout, and breeding records. In W. R. Fehr, & H. H. Hadley
(Eds.), Hybridisation of crops plants. Madison, Wisconsin.

Wilson, J. E., Pole, F. S., Smit, N. E. J. M., & Taufatofua, P. (1989). Sweetpotato breeding. Agro-Facts.
University of the South Pacific Institute for Research, Extension and Training in Agriculture (IRETA). Apia,
Western Samoa.

Witcombe, J. R., & Virk, D. S. (2009). Methodologies for generating variability: Selection of parents and
crossing strategies. In S. Ceccarelli, E. P. Guimareas, & E. Weltzein (Eds.), Plant breeding and farmer
participation (pp. 129-138). FAO, Rome.

Woolfe, J. A. (1992). Sweet potato: An untapped food resource. Cambridge University Press Cambridge, United
Kingdom.

Wu, S., Lau, K. H., Cao, Q., Hamilton, J. P, Sun, H., Zhou, C., ... Fei, Z. (2018). Genome sequences of two
diploid wild relatives of cultivated sweetpotato reveal targets for genetic improvement. Nature
Communications. https://doi.org/10.1038/s41467-018-06983-8

Yanggen, D., & Nagujja, S. (2006). The use of orange-fleshed sweetpotato to combat Vitamin A deficiency in
Uganda. A study of varietal preferences, extension strategies and post-harvest utilization. International
Potato Center (CIP), Lima, Peru.

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).

134



