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Abstract: Diseases are the most important factors reducing groundnut yields worldwide. In East
Africa, late leaf spot (LLS) and groundnut rosette disease (GRD) are the most destructive diseases of
groundnut. Limited resistance is available in pure pedigree cultivated groundnut lines and novel
sources of resistance are required to produce resistant new varieties. In this work, 376 interspecific
lines from 3 different populations derived from crosses with the wild species A. duranensis, A. ipaénsis,
A. batizocoi and A. valida were phenotyped for 2 seasons and across 2 locations, Serere and Nakabango,
in Uganda. Several genotypes showed a higher yield, a larger seed, an earlier flowering, and similar
resistance to the local cultivar checks. Genotypic data was used to construct a linkage map for the
AB-QTL population involving the cross between Fleur11 and [A. batizocoi x A. duranensis]**. This
linkage map, together with the phenotypic data was used to identify quantitative trait loci controlling
disease resistance. These lines will be useful in combining good agronomic traits and stacking disease
resistance to improve the groundnut crop in sub-Saharan Africa.

Keywords: Africa; Arachis; crop wild relatives; groundnut; groundnut rosette disease; interspecific
lines; late leaf spot; marker-assisted selection; peanut; quantitative trait loci

1. Introduction

Cultivated peanut, or groundnut (Arachis hypogaea L.) is an allotetraploid (2n = 4x = 40),
native to South America [1,2]. The crop is cultivated widely for oilseed, feed, and food in
tropical and sub-tropical regions of the world and serves as an important source of income
that contributes significantly to food security and reduces poverty in developing countries.
A large proportion (25% to 64%) of N in the peanut crop is derived from N fixation in the
root nodules, it is also a relatively drought tolerant crop [3,4]. It requires few inputs for
growth and development making it a suitable crop for small-holder farmers in sub-Saharan
Africa who practice low input agriculture [5]. Groundnut is also a rotation crop routinely
used for breaking disease and pest cycles. All parts of the crop are used as feed and food [6].
The returns for groundnuts greatly surpass those reported for soybeans and sunflower
making it a preferred legume and oilseed [6,7]. This crop is, however, highly susceptible
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to diseases such as groundnut rosette disease (GRD), caused by the Groundnut Rosette
Virus (GRV) and late leaf spot (LLS), caused by the fungus Nothopassalora personata (Berk
& M.A. Curtis) U. Braun, C. Nakash., Videira & Crous syn. Cercosporidium personatum].
Groundnut rosette disease (GRD) is the most destructive disease in sub-Saharan Africa
causing yield losses of up to 100% depending on the growth stage at which the infection
occurs [3,8,9]. The disease occurs every growing season with its severity increasing in crops
that are grown late in the season [10,11]. Late leaf spot (LLS) is prevalent in all groundnut
growing regions with adverse effects on the quality of the seed and haulm reducing its
value as animal feed [10,12].

Breeding efforts for host-plant resistance and germplasm evaluation in Uganda have
led to the establishment of groundnut lines with acceptable levels of field resistance to GRD
and LLS Okello [6,13]. In all analyzed released cultivars, resistance to GRD is mainly to
the viral component of the disease complex which does not render immunity and can be
overcome under high inoculum pressure [11,14-18]. This was evident from the breakdown
of resistance in Serenut 4T a widely grown GRD resistant variety in Uganda under high
aphid pressure [6,13]. Furthermore, continuous selection and little use of exotic germplasm
in peanut improvement programs in Uganda has narrowed the genetic base of existing
varieties and reduced the possible allelic combinations for disease and pest resistance [6,18].

Due to the limited resistance amongst the current cultivars and the use of few elite
varieties as parents, novel sources of resistances are required in cultivated groundnut
varieties. Several efforts have been made to introgress alleles from wild species into culti-
vated species with studies centering on improving pest and disease resistance. Fortunately,
strong resistance to many pests and diseases have been reported in the secondary gene
pool of Arachis consisting of 32 wild diploid species of the section Arachis [4]. Resistance
to GRD and LLS has been previously described in wild species of groundnut [19,20]. A
major difficulty in the introgression of wild alleles into cultivated species is the infertility of
primary hybrids between most wild by cultivated groundnut crosses owing to the ploidy
differences [4,21]. Despite the challenges, increasingly efficient hybridization schemes
and increasing ease of marker technologies which allow efficient hybrid confirmation and
tracking of wild genetics in breeding programs are allowing the use of wild diploid species
for improving cultivated groundnut on an unprecedented scale [4,21-24]. An example of a
“legacy” cultivated groundnut line which has wild species pedigree is ICGV-SM 96715 (PI
598133). This line was developed at ICRISAT Malawi by crossing cultivated groundnut
cv. Makulu Red with a tetraploid interspecific derivative line ‘Samaru 38’/ Arachis diogoi
V10602// ‘Samaru 61’ [25]. This line (ICGV-SM 96715) was used to create two GRD re-
sistant varieties, Naronut 1R and Naronut 2T [26] and under review). Another Ugandan
variety, Serenut 2 (ICGV-SM 90704, also resistant to GRD, does not have recorded wild
species in its pedigree [27]. These varieties have high acceptance by farmers, as they have
moderate resistance to LLS, but unfortunately, they also have very low yield. Another
example of the influence of wild species in peanut breeding is the previously substantially
overlooked impact of A. cardenasii GKP 10017. Genetic analysis and pedigree research
identified the genetics of this wild species in peanuts from 30 countries around the world
including Africa: in Burkina Faso, Ghana, Mali, Malawi, Mozambique, Niger, Nigeria,
Republic of Guinea, Togo, Senegal, South Africa, Sudan, Uganda, and Zambia [28]. Because
of their resistance to leaf spots and rust, when unsprayed with fungicides peanuts with
wild genetics from A. cardenasii yielded almost double the locally grown peanut cultivars
of pure pedigree (without wild alleles).

Research to broaden the gene pool of cultivated groundnut using wild relative has
been undertaken in Senegal resulting in the development of two AB-QTL populations and
CSSL lines [23,24,29]. These lines have been used to decipher the molecular basis of complex
yield traits, determine the regions important for domestication [23,24,30], investigate the
meiotic behavior of tetraploid groundnut [29] and to improve local varieties [31] These
lines were transferred to Uganda as part of a Peanut Innovation Lab (USAID) project, with
the aim of using them in local and regional breeding programs. Here we tested these lines
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for GRD, LLS and agronomic traits. QTLs were identified for LLS and GRD resistance.
Several lines had stronger resistance to LLS, earlier flowering, larger seed, and higher yield
than local checks. They are candidates for stacking resistance and improving agronomic
traits of local varieties. This study exemplifies the potential and usefulness of groundnut
wild relatives for the improvement of the crop in sub-Saharan Africa.

2. Materials and Methods
2.1. Populations

Three structured genetic populations were used in this study. All populations have as
recurrent parent, Fleur 11, an elite Spanish-type variety, widely cultivated in West Africa.

Population 1 (AB-QTL-1): advanced backcross population of 133 individuals devel-
oped using Fleur11 and the induced allotetraploid ‘ISATGR 278-18" [29]. ISATGR 278-18 is
derived from a cross between A. batizocoi—ICG 13160 (GKBSPSc 30082, PI 468328) and A.
duranensis—ICG 8138 (GKP 10038, PI 262133) [32].

Population 2 (AB-QTL-2): advanced backcross population of 198 individuals devel-
oped using Fleur11 and the induced allotetraploid ‘ISATGR-52B’ allotetraploid 'ISATGR-
52B’ [A. duranensis and A. valida]* [33].

Population 3 (CSSL): population of chromosome substitution segment lines, derived
from a cross between Fleur11 and the allotetraploid AiAd (=IpaDurl = [A. ipaensis KG30076
x A. duranensis V14167]* [34,35]. Each line has one or few wild segments covering 2.3-3%
of the genome and all individuals cover most of the wild allotetraploid genome [23,36].
Forty-five individuals were tested here.

2.2. Field Experiment

A total of 376 interspecific derivatives (described above) were evaluated in rainfed con-
ditions under high disease pressure in Uganda. Local cultivars ‘Naronut 1R’, ‘Naronut 2T”
and ‘Serenut 2" were used as resistant controls for GRD and LLS. Fleur11, the recurrent par-
ent, was used as the reference cultivated genotype to assess the effect of wild introgressions.

Field evaluations were conducted at the National Semi-Arid Resources Research
Institute (NaSARRI), Serere district and in Nakabango during the second rainy season of
2019 (2019B, September-January) and the first rainy season of 2020 (2020A, March-August).
Serere district, Eastern Uganda has a humid and hot climate that receives an annual rainfall
of 1000-1200 mm. The region is located 1140 m above sea level with an average temperature
of 28 °C and humidity of 55%. Nakabango is in the South-eastern region of Uganda in
Jinja district and receives an annual rainfall of 1000-1324 mm. The region is located 1188 m
above sea level with an average temperature of 22 °C and humidity of 78%. Both areas are
hotspots for groundnut rosette and late leaf spot diseases. All genotypes (tests and checks)
were set in a 19 x 20 Alpha Lattice with two-replicates. The plot size was 1 m x 0.90 m.
Each plot consisted of two 75 cm rows, with a planting rate of five plants per row, with
inter-row spacing of 45 cm. Inter plot distance was 60 cm and spacing between replications
was 2 m. Weeding was done manually three times until harvest. Some of the plants
were heavily rosetted and therefore produced few or no seeds. For each plot, to assess the
number of pods per plant, five randomly selected plants were taken and the pod number on
each recorded. Plants were harvested manually. All pods and shelled, seed were weighed
thus giving the yield per plot as g/0.9 m?. The yield was then converted to g/m?.

2.3. Phenotypic Screening for Late Leaf Spot (LLS) and Groundnut Rosette Disease (GRD)

Genotype response to late leaf spot (LLS) was assessed as disease severity scoring
using a modified nine-point scale [9], where a score of 1 was rated as highly resistant
with no disease symptoms (HR), 2 = resistant with Lesions present largely on lower
leaves, 3 =resistant with lesions present largely on lower leaves, very few on middle
leaves, 4 = resistant with lesions on lower and middle leaves but severe on lower leaves
no defoliation, 5 = moderately resistant with lesions present on all lower and middle
leaves; over 50% defoliation of lower leaves, 6 = moderately resistant with severe lesions
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on lower and middle leaves, 7 = susceptible with lesions on all leaves but less severe on
top leaves, 8 = susceptible with defoliation of all lower and middle leaves; severe lesions
on top leaves and 9 = highly susceptible with almost all leaves defoliated, leaving bare
stems; some leaflets may remain, but show severe leaf spots. Scoring was done at 30, 60
and 90 days after planting (DAP) and at harvest. Area Under the Disease Progress Curve
(AUDPC) of LLS severity was calculated as described by Shaner and Finney [37] to analyze
disease progression.

Genotype response to groundnut rosette disease (GRD) was observed in two ways,
recording incidence and severity. (1) Incidence was expressed as the percentage of plants
infected with GRD over the total number of plants in the plot (percentage of disease inci-
dence, PDI). PDI evaluations were done at 4, 8 and 12 weeks after planting and at harvest;
and (2) GRD severity was evaluated at harvest, based on the intensity of disease attack
using the score described by [11], where 1 = highly resistant with no or negligible leaf
symptoms, 2 = resistant with rosette symptoms on 1-20% foliage, but no obvious stunting,
3 = moderately resistant with rosette symptoms on 21-50% foliage and stunting, 4 = sus-
ceptible with severe rosette symptoms on 51-70% foliage and stunting and 5 = susceptible
with severe symptoms on 71-100% foliage, stunted or dead plants. Area Under the Disease
Progress Curve (AUDPC) of percentage of disease incidence was calculated as described
by Shaner and Finney [37] to analyze incidence progression.

2.4. Agronomic Evaluations

Agronomic data collected were number of days to 50% flowering, number of pods
per plant, pod yield (g/m?), and 100 seed weight. The trait of days to 50% flowering
was recorded on plot basis, daily, from sowing to the day when 50% of the plants had at
least one flower each. Number of pods per plant was recorded on five plants at harvest.
Hundred seed weight (g) and grain yield (g/m?) were measured after pods were shelled
and dried to <13% moisture content.

2.5. Data Analysis

Basic statistical analyses (mean and standard deviation) were calculated for each trait.
An analysis of variance (ANOVA) with Tukey’s test was performed to estimate the genetic,
location, season, block, and interaction effects, as

Yimi=p+8+Li+S+ B/Ry; + GxLjj + GxSj; + GxLxS;j1 + &ijk

Yijx1 = Response variable, u = Overall mean, g; = Genotype effect, L; = location effect,
S1 = season effect, B;/Ry; = effect of the block within replicate, GxL;; = effect of “Genotype
x location”, Gx§;; = effect of the “Genotype x season”, GxLxS;;; = effect of “Genotype x
location x season”, &;jx; = residual.

Data on disease incidence and severity were fitted to linear mixed models using
Ime function built in Ime4 package in R (R Core Team (2020). Means generated from the
Analysis of variance were separated using Tukey’s Test.

To assess and quantify the genetic variability among the interspecific lines, heritability
in broad sense were estimated (H?) as

H? = 626 /(0°G + 0°Ge/e + 0% /1e)

where, H? = broad-sense heritability; 02 = genotypic variance; 0?gg = variance of
genotype X environment interaction; o2, = error variance; e = environment number;
and r = number of replications. The heritability estimates were classified as described by
Johnson et al. [38]: low (0-30), medium (30.1-60), high (60.1 and above).

Correlation coefficients (r) between all the traits across locations were calculated using
‘cor” function in R [39].
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2.6. SNP Genotyping, Analysis and Data Filtering

The population AB-QTL-1 = Fleur11 x [A. batizocoi x A. duranensis]*™ was genotyped
for QTL discovery. Genomic DNA of 133 individuals was extracted from leaves using
the DNeasy Plant Mini Kit (QIAGEN), according to manufacturer’s instructions. DNAs
were quantified with Pico Green and samples were submitted for genotyping with the
‘Axiom Arachis v02’ 58 K high-density SNP array [40]. The genotypic data were extracted
and processed and analyzed using the Axiom Analysis Suite 2.0 software v5.0 (http://
www.thermofisher.com, Santa Barbara, CA, USA, accessed on 6 May 2020). Polymorphic
markers were filtered using Microsoft Excel with the following parameters: (a) markers
with different calls between the diploid parents of the allotetraploid and between the
tetraploid parents were selected (b) no missing data or heterozygote (AB) calls in the diploid
or tetraploid controls were included and (c) SNPs with more than 20% of heterozygote
and missing calls were discarded. The polymorphic markers for the A and B genomes
were ordered by physical position based on the A. duranensis and A. ipaénsis reference
genomes [41]. This order was used for the QTL mapping analysis for 1440 markers selected
with known position.

2.7. Genetic Mapping and QTL Discovery

The physical map in combination with phenotypic measurements for late leaf spot and
groundnut rosette disease resistance, were used for QTL identification using R/qtl software
following the procedure described in “A guide to QTL mapping with R/qtl” [42]. In total,
133 individuals were used for map construction. Due to the spike observed in the phenotype
data distribution at zero (null phenotype), a two-part binary plus normal analysis method
was employed using the scanone function of R/qtl. A total of 1000 permutations were used
to identify genome-wide LOD significance thresholds at 1% and 5% level of significance [43].
Using the bayesint function an LOD support interval with lodint function in R/qtl, a
99% Bayesian credible interval was calculated. The percentage of phenotypic variability
explained by a QTL (R?) and the estimated effect of each QTL was assessed using the
effectplot function in R/qtl [44].

3. Results

Cultivated and interspecific lines showed good emergence, showing no signs of
dormancy. Development was normal. Phenotypic evaluations were performed across two
environments over two seasons. The two locations (Serere and Nakabanko) are hot spots for
leaf spot and groundnut rosette disease (GRD). In all seasons and both places there was high
incidence of diseases, but in the 2020A season in Nakabango, GRD was particularly strong,
which severely suppressed yield (Supplementary Figure Sla-h, Supplementary Table S1).
There was variation for some agronomic traits found between the different populations (e.g.,
Table 1) and large variation within each population (Table 1, Supplementary Figure S2a—e).
The combined analysis of variance showed a significant genotype X season for all the traits
and genotype x location interaction (p < 0.001) between genotypes for all traits.

Table 1. Mean, range and p-values yield component traits for three population of interspecific lines
of groundnut in Serere, 2019B season.

Mean Range
Trait AB-QTL2 AB-QTL1 CSSL Fleurll AB-QTL2 AB-QTL1 CSSL p
PNP 154 a 159 a 169 a 21.3a 6.6-26.0 6.6-21.4 7.9-25.6 0.37
HSW 68.1a 65.41Db 70.65 a 67.1 ab 38.2-95.7 38.7-88.5 51.9-92.0 0.00
SY 103.9b 85.3 ab 1173 a 150.6 ab 14.5-239.8 10.5-221.7 37.0-283.3 0.03
DTF 32.7a 32.8a 32.60 a 315a 30.0-35 28.2-36.2 30.7-35.7 0.48

NB: PNP = Pod number per plant, HSW = 100 seed weight, SY = seed yield in g/m?, DTF = Day to 50% flowering,
AB-QTL2 = (Fleurll x [A. valida x A. duranensis]*), AB-QTL1 = (Fleurll x [A. batizocoi x A. duranensis]*),
CSSL = Fleur11 x [A. ipaensis x A. duranensis]**. Values proceeded by the same letter are not significantly different
from each other at p < 0.05.
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3.1. Agronomic Evaluation
3.1.1. Total Yield (g/m?)

All populations and controls yielded approximately 60% more in Serere (average
61.5 g/m?, controls 78.7) than in Nakabango (average 38.5 g/m?, controls 44.1). There was
a lot of variation per season: The season 2019B average yield was 83.6 g/m? whereas in
2020A, average yield was only 14.2 g/m?. Pooled data from all seasons and locations shows
that yield ranged from zero (when plants were stunted, heavily infected by GRD) and
131.4 g/m?2. All three populations had similar yield, but a one-way ANOVA with Tukey’s
test demonstrated that individuals from AB-QTL-2 population (derived from introgres-
sion of A. duranensis and A. valida) produced significantly higher yields than individuals
from CSSL populations (derived from introgression of A. ipaensis and A. duranensis; see
Supplementary Figure S2a). Contrary to expectation, Fleurll, which is not adapted to
local conditions, yielded similar to locally adapted varieties (Supplementary Table S1,
Figure S1a). Several of the interspecific lines outperformed the local checks for yield pa-
rameters: the best yielding lines were from the AB-QTL-2 population, B7-32-8-4, B7-32-7-6,
B7-21-2-3 and B7-25-22-8, representing up to a 54% yield increase compared to Serenut 2
(Figure 1a, Supplementary Table S1). There was a large variation between seasons and
environments. However, some lines presented good levels of yield stability, they were:
12CS-110 (CSSL population), B7-23-10-5, B7-32-7-6, B7-26-6-6 and B7-32-8-4 (AB-QTL2
population) (Supplementary Table S1).

Yield (Kg/ha) Days to flowering

- (b)

Naronut -2T (a)

Fleurll

Fleur 11

v

Frequency
H

-

Serenut 2

{

B7-21-2-3
B7-25-22-8 0
B7-32-7-6

B7-32-84
‘ ‘ *

Serenut -2

Naronut-1R
Naronut -2T

28-289 29-29.9 30-30.9 31319 32319 33.33.9 34.34.9 35-35.9 36-36.9
Grain Yield {g/m?) DTF [days)

Figure 1. Frequency distribution of yield (g/m?) (a) and Days to flowering (b) among the three
interspecific populations: AB-QTL1, AB-QTL2 and CSSLs. Number of individuals in y-axis and
phenotypic values in x-axis. Local checks are indicated by red arrows and most productive lines
indicated by black arrows.

3.1.2. 100-Pod Weight—Proxy for Seed Size

Population CSSL and AB-QTL-1 had similar pod weight distribution, and AB-QTL-2
had a larger 100-pod weight (Supplementary Figure S2b). Transgressive segregation was
observed: Original allotetraploids generally have a small seed [45], the recurrent parent
Fleur11 has a 100-pod weight of 94.4 g. In total 199 segregant lines exceeded this value, and
111 segregant lines exceeded all local checks (Supplementary Table S1). Some of the best
lines are shown in Figure 2; 12CS_98 (113.5 g), 12CS_101 (112.4 g), 30-31-1 (115.4 g), 16-4-3
(114.3 g), B7-25-22-8 (133.9 g), and B7-21-2-1 (125.9 g).
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CSSLs

&

12CS 98

= B

12CS_101 12CS_109

12CS_52

Interspecific lines
Cultivated
AB-QTL-1 AB-QTL-2 Controls
30-31-1 B7-25-22-8 Fleur 11
I Ea
16-4-3 B7-21-2-1 Serenut 2

Figure 2. Examples of seeds of the three interspecific populations: CSSLs (Fleurl1 x [A. ipaénsis x A.
duranensis]**), AB-QTL1 (Fleurl1 x [A. batizocoi x A. duranensis]*), AB-QTL2 (Fleur11 x [A. duranensis
x A. valida]*) and cultivated controls. Note that Fleur 11 is the female parent of all three populations.

All three populations had similar days to 50% flowering (DTF) with an overall average
of 32.54 days (Supplementary Figure S2b), whilst the controls were: Naronut 1R (35.0 d)
Naronut 2T (35.5 d), Serenut2 (36.7 d) and Fleur11 (31.8 d). All lines had earlier DTF than
the local checks. The earliest genotypes are B7-26-16-3 (29.3 d), 11_28_8 and 3_1_5 (both
with 30.5 d) (Figure 1b, Table 1).

3.1.3. Earliness

All three populations had similar days to 50% flowering (DTF) with an overall average
of 32.54 days (Supplementary Figure S2c), whilst the controls were: Naronut 1R (35.0 d)
Naronut 2T (35.5 d), Serenut2 (36.7 d) and Fleur11 (31.8 d). All lines had earlier DTF than
the local checks. The earliest genotypes are B7-26-16-3 (29.3 d), 11_28_8 and 3_1_5 (both
with 30.5 d) (Figure 1b, Table 1).

3.2. Disease Evaluation

The sites of Serere and Nakabanko are hot spots for leaf spot and GRD. In all seasons
there was high incidence of both diseases (Supplementary Figure Sla-h), but in the 2020A
season in Nakabango, GRD incidence and severity were particularly high, which had a
large impact on yield (Supplementary Figure S2e-h, Supplementary Table S1).

3.2.1. Late Leaf Spot Resistance

Disease incidence was more severe in the experimental plots during the 2020A season
in comparison with the 2019B season (Supplementary Table S1). Local checks had score
values of 4.5-6.3 at harvest, and Fleur11 had a score average of 6.88 across environments
and seasons. Frequency distribution of the pooled data shows that values for segregants
were skewed towards susceptibility at all stages (Figure 3a,b). At physiological maturity,
most individuals were susceptible to LLS with values greater than 6 whereas 12 genotypes
were only as moderately resistant as the best check, Serenut 2. Infection by Late leaf spot
induced a mean plant damage of 6.81 and a standard deviation of 0.968 for AB-QTL-1
population. Individuals from CSSL population had a mean plant damage of 6.90 and
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recorded a standard deviation of 1.003. Similarly, individuals from AB-QTL-2 population
had an average plant damage of 6.81 and a standard deviation of 0.968. A one-way ANOVA
with Tukey’s test was done comparing the averages of each population. It demonstrated that
all three populations have similar responses to late leaf spot (Supplementary Figure S2d).
In total, two hundred and thirty-nine (239) interspecific lines showed lower infection rates
than the recurrent parent.

LLS @ Harvest LLS AUDPC

(a) ) = Fleur 11 (b)

Naronut-1R
Naronut-2T

Serenut 2 1

150170 171190 191210 211230 231250 31270

Naronut-1R
MNaronut-2T

Serenut 2

a5 5 5.5 & 65 7 L X3 '

GRD Severity @ harvest GRD AUDPC

(c) = - Fleur 11 (d}
¥

Frequency

Naronut-1R
Naronut-1R
Serenut 2 Serenut 2
w0
Naronut-.

Narcnut-‘

0812 L1316 1720 2124 2528 2832 1336 374
0300 201500 SDIE0D 011100 11011400 14011700 1701.2000 3001-2300 3012600

Figure 3. Frequency distribution of disease resistance in all three populations: LLS severity at
harvest (a), LLS Area Under the Disease Progression Curve (AUDPC) (b), GRD Severity at harvest
(c) and GRD Area Under the Disease Progression Curve (AUDPC) (d). Local checks are indicated by
red arrows.

3.2.2. Groundnut Rosette Disease Resistance

Extensive variation was observed amongst the different individuals with visible
disease symptoms ranging from 1-4 for rosette severity and 5.13-67% for Percentage
Disease Incidence. Most of the interspecific lines showed higher disease mean scores
than the local resistant checks (Naronut 1R, Naronut 2T and Serenut 2) at all the scoring
stages with the recurrent parent Fleur 11, showing moderate resistance (Figure 3c,d and
Supplementary Table S1). Comparing the three populations, AB-QTL-2 had slightly lower
values, but a one-way ANOVA with Tukey’s test showed no significant differences in
rosette severity among the three populations (Supplementary Figure S2e).

To pinpoint the relationship between traits, correlation coefficients (r) between the
traits across environments were calculated (Figure 4). Positive and highly significant
correlations were observed between yield components: pod number per plant and seed
yield (0.67), pod number per plant and pod yield (0.69), pod yield and seed yield (0.92).
Groundnut rosette percentage disease incidence (PDI) at 12 weeks and GRD severity were
negatively correlated with pod number per plant (—0.54), grain yield (—0.45) and pod yield
(—0.47) (p < 0.001). PDI AUDPC was negatively and highly correlated with number of
pods per plant, grain yield and pod yield and positive and highly correlated with PDI at
12 weeks (0.81). LLS AUDPC was positively correlated with LLS at 12 weeks and at harvest
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and significantly (p < 0.001). Surprisingly, moderate positive correlation was observed
between LLS at 12 weeks with grain (0.17) and pod yield (0.13), LLS at harvest with grain
(0.17) and pod yield (0.12). Strong correlation between data obtained at different times
for GRD, showing robustness of data collection. There was strong negative correlation
between GRD and yield (—0.46 to —0.18) and no significant correlation between GDR and
LLS resistance (Figure 4).

B

~

=
>

LLS 12 027

EEE

LLS H o023
LLS AUDPC
PDI4 001 045 -0.02 -0.07 0.07
PDI.B 002z 026 003 04 043
PDI 12 006 04 047 -0.15 -0.04
PDI_AUDPC 002 o024 007 042 04
SEVERITY 006 011 042 041 -0.01
GY 044 011 048 018 049

PY 0.4 041 047 045 047

* ®
PHP 0.4 0.1 047 045 047
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Figure 4. Pearson correlations for yield, LLS and GRD evaluated over 3 years. Dark blue for the
highest positive value and dark red for the highest negative value and white for the lowest value
on the heatmap scale. Values with *, ** and *** implies significant at p = 0.05, p < 0.01 and p < 0.001
respectively. LLS_4 = Late Leaf Spot at 4 weeks; LLS_8 = Late Leaf Spot at 8 weeks; LLS_12 = Late Leaf
Spot at 12 weeks; LLS_H = Late Leaf Spot at harvest; LLS AUDPC = Late Leaf Spot Area Under the
disease Progress Curve; PDI_4 = Percentage Disease Incidence at 4 weeks, PDI_8 = Percentage Disease
Incidence at 4 weeks; PDI_12 = Percentage Disease Incidence at 12 weeks; GRD AUDPC = groundnut
rosette disease Area Under Disease Progress Curve.

3.3. Analysis of Variance and Heritability for Groundnut Rosette and Late Leaf Spot Diseases
across Two Locations

The analysis of variance showed significant differences (p < 0.001) between genotypes
for LLS and GRD at different physiological stages across the two locations
(Supplementary Figure Sla-h). The estimated broad sense heritability for LLS across
the three populations ranged from low to moderate (0-0.56) with the highest heritability
estimates observed for AB-QTL-2 (Table 2) at LLS at 12 weeks. Similarly, estimated broad
sense heritability estimates across the three populations ranged from 0-0.48 with the high-



Agronomy 2022, 12, 2202

10 0of 18

est heritability estimates observed for AB-QTL-2. Higher heritability estimates values were
obtained for yield traits and ranged from 17% to 64%. With the highest heritability estimate
obtained for hundred seed weight.

Table 2. Means, standard error, coefficient of variation (CV %) and heritability for groundnut rosette
and late leaf spot diseases.

. AB-QTL1 AB-QTL2 CSSL Dif
Trait Mean + SE CV % H? Mean + SE CV % H? Mean + SE CV % H?

LLS@4WEEKS 1.73 £ 0.02 14.61 0 1.72 £ 0.02 30.9 0.06 1.70 £ 0.03 33.5 0.32 *
LLS@8WEEKS 3.56 + 0.02 11.05 0.14 3.48 + 0.02 15.1 0.11 3.50 4+ 0.03 14.3 0 **
LLS@12WEEKS 594 + 0.03 10.84 0.49 5.91 + 0.02 11.2 0.56 5.98 4+ 0.05 8.8 0.24 x*
LLS@Harvest 6.80 + 0.03 10.41 0.39 6.82 + 0.02 104 0.54 6.0.09 + 0.05 8.7 0.32 i
LLS AUDPC 221.80 + 0.88 319.42 0.45 218.91 4+ 0.72 10.9 0.43 220.18 + 1.49 10.1 0.19 **

PDI@4WEEKS 3.00 +0.29 82.56 1.14 x 10718 294 +0.24 281.1 0 3.14 + 0.50 200.0 0 ns
PDI@SWEEKS 25.21 £0.92 32.09 0.10 23.01 £0.70 60.1 0.39 26.45 +1.51 69.9 0.07 **
PDI@12WEEKS 4731 +£1.22 26.28 NC 45.38 + 0.99 36.8 0.40 46.17 +2.01 23.5 0.21 x*
GRD Severity 2.55 + 0.06 47.12 0.04 2.44 + 0.05 30.7 0.48 2.48 +0.10 18.9 **
GRD AUDPC 151.10 + 44.43 47.66 NC 141.30 + 34.70 49.2 0.43 153 4+ 74.48 45.6 0.11 **

* Indicates significant differences at p < 0.05. ** indicates significance difference at p < 0.01 between means of
AB-QTL1 (Fleurl1 x [A. batizocoi x A. duranensis]**), AB-QTL2 (Fleur11 x [A. valida x A. duranensis]**) and CSSL
(Fleur11 x [A. ipaensis x A. duranensis]** tested by one-way ANOVA using Tukey’s test; ns, non-significance.
LLS = late leaf spot. PDI = percentage of groundnut rosette disease incidence. GRD = groundnut rosette disease.
AUDPC = area under the disease progress curve. NC = not calculated.

3.4. Identification of QTL for Disease Resistance

Genotyping data of the 133 BC,F5 lines of the AB-QTL-1 population (Fleur11 x (A.
batizocoi ICG13160 x A. duranensis-ICG 8138) was analyzed to check for polymorphic
markers to perform QTL mapping. In order to identify the polymorphic markers for the A
and B genomes (A. duranensis and A. batizocoi, respectively), the PI and collector numbers
for the diploid progenitors of the allotetraploid parent ISATGR 278-18, were identified
in the ICRISAT database. The genotyping of the diploid progenitor was confirmed in
a phylogenetic tree made at the University of Georgia Athens (UGA) including most
of the accessions available for the Arachis section (unpublished data). Arachis batizocoi
ICG13160 corresponded to the collector number 30082 and PI 468328, and its position on
the phylogenetic tree was correct inside the A. batizocoi cluster. A. duranensis ICG 8138
corresponded to the collector number 10038 and PI 262133 and its position in the tree was
as expected inside the A. duranensis cluster. SNP markers were filtered using the identity of
these two accessions. In order to identify the polymorphic markers useful for QTL mapping,
the following parameters were used as filters in Excel: the markers with different calls
between the diploid parents of the allotetraploid and between the tetraploid parents were
selected; no missing data or heterozygote (AB) calls in the diploid or tetraploid controls
were included; the SNPs with more than 20% of heterozygote and missing calls were
discarded. The polymorphic markers for the A and B genomes were sorted by physical
position based on the A. duranensis and A. ipaénsis reference genomes [41]. This order
was used for the QTL mapping analysis for 1437 markers selected with known positions.
These 1437 SNP markers were ordered into 20 linkage groups (LGs) to create a framework
genetic map for QTL analysis (Supplementary Figure S3). LOD significance threshold
estimated for each trait ranged from 2.75 to 2.84 (Table 3). QTL analysis using phenotypic
and genotypic data resulted in the identification of six QTLs in total in the Fleurll x (A.
batizocoi x A. duranensis)* population (Table 3). QTLs were identified in the four linkage
groups (LG). The phenotypic variation explained (PVE %) by these QTLs ranged from
7.96% (QTL A08_22758270) to a maximum of 12.56% (QTL B04_10528843) (Table 3).
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Table 3. Details of QTLs for LLS and GRD resistance identified in the AB-QTL1 population (Fleur11 x
[A. batizocoi x A. duranensis]*).

Trait

Nearest

Physical

LOD

99% Bayes

Trait Name Description Marker LG P(();/i[t]i;)n LOD p-Val Thigi/hold Interval R? (%)
o) (Mb)
kfil_zzBWEEKs— Naizifiéovélazo B04_17,705660  BO4 17.70 3.04 0.04 2.79 7.08-90.02 9.43
k}filleg)mg N;I;:b‘:r?g]gggzo B04_9,708,846 B4 9.71 3.00 0.03 284 7.08-90.02 9.60
gézl%ng_SEv_ Gin]rDerS:XS%y A08.22,758270  A08 2280 3.20 0.02 2.78 22.76-23.42 7.90
I(\;II;%I;(?I—AUDPC— R Qg?g&o B0 62,384869  BOL 62.40 281 0.05 2.77 745-12137 11.04
ﬁi%_I;ODLSfWEEKSf SRD P 131{5))82‘8/216 B04 10528843  BO4 10.50 2.76 0.05 2.75 6.62-115.86 12.56
gi%goDI—‘l—WEEKS— gszlfa 2;((@)42‘8’216 B05 138125178  BO5 138.00 3.23 0.03 29 415-146.58 1151

LLS_12_WEEKS_NAK_20 = late leaf spot at 12 weeks at Nakabango, 2020, LLS_AUDPC_NAK_20 = late
leaf spot AUDPC at Nakabango, 2020; GRD_SEV_SER_20 = groundnut rosette disease severity at Serere
2020; GRD_PDI_AUDPC_NAK_20 = Groundnut Rosette disease Area Under Disease progress curve at Naka-
bango, 2020; GRD_PDI_8_WEEKS_NAK_20 = Percentage Disease Incidence at 8 weeks at Nakabango, 2020;
GRD_PDI_4_WEEKS_NAK_20 = Percentage disease incidence at 4 weeks at Nakabango, 2020; LG = Linkage
group; LOD = Logarithm of odds; p-val = significance level; R2 = Proportion of the phenotypic variance explained
by the QTL.

Using these 1437 SNP markers, a framework genetic map was created and used for
QTL analysis. LOD significance threshold estimated for each trait ranged from 2.75 to 2.84
(Supplementary Figure S3). QTL analysis using phenotypic and genotypic data resulted
in the identification of six QTLs in total in the Fleur1l x (A. batizocoi x A. duranensis)®
population (Table 3). QTLs were identified in the four linkage groups (LG). The phenotypic
variation explained (PVE %) by these QTLs ranged from 7.96% (QTL A08_22758270) to a
maximum of 12.56% (QTL B04_10528843) (Table 3).

3.4.1. QTL for LLS Resistance

Two QTLs were identified for LLS resistance with PVE of 9.43 and 9.60% with both
mapped to the B sub genome (Table 2). QTL B04_9708846 (Phenotypic variance explained
(PVE) =9.43%) and “Araip.B04_17705669" (PVE = 9.60%) were detected in 2020A in Naka-
bango with LOD scores of 3.04 and 3.0 respectively at genome-wise & = 0.05 threshold and
Bayes interval of 7.08-90.02 (Table 3). For all the QTLs, resistance alleles were derived from
the synthetic [A. batizocoi x A. duranensis]**. With the analysis of the phenotypic effects of
nearest markers linked to QTLs contributing to late leaf spot resistance, the presence of (A.
batizocoi x A. duranensis)® alleles of locus B04_17705669 (LG B04) and B04_9708846 (LG B04)
contributed, respectively, to a reduction of 11.11% and 10.85% of LLS disease (Figure 5a,b).

3.4.2. QTL for GRD Resistance

Three QTLs for GRD were identified at Nakabango in 2020A (resistance values scored
at 4, 8 weeks, AUDPC) and one at Serere in 2020A (GRD severity). QTLs for GRD resistance
were identified at 4 and 8 weeks at a significance level of 5% on linkage group B04 and B05
at LOD scores of 2.75 and 2.9 respectively. Similarly, a QTL was identified at 5% level of
significance for GRD AUDPC at LOD scores of 2.81 and another QTL detected for GRD
severity in Serere 2020A season at 5% level of significant at a LOD score of 2.78. The
largest effect QTL in the study was found on chromosome B04 with Bayesian interval of
6.62-115.86 Mb with a peak at marker 10528843 (Table 3). Lower values for GRD disease
were contributed by alleles from the synthetic (A. batizocoi x A. duranensis)**, on B04, B01
and B05 (Figure 5c—e). An allele on A08 for GRD resistance was also contributed by Fleur
11, the recurrent parent in this population (Figure 5f).
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Figure 5. QTL effect plot of Log transformed data from mapping population AB-QTL1 = Fleur11 x
[A. batizocoi x A. duranensis]*) on chromosome B04: LLS severity at 12 weeks in Nakabango in the
2020 season (a), LLS AUDPC in Nakabango in the 2020 season (b), GRD PDI@8 weeks in Nakabango
in the 2020 season (c); chromosome B01: GRD PDI AUDPC in Nakabango in the 2020 season (d);
chromosome B05: GRD PDI @ 4 weeks in Nakabango in the 2020 season (e) and chromosome A08:
GRD severity in Serere in the 2020 season (f). Phenotype values on logarithmic scale (Y-axis) as a
function of genotypic class (X-axis). Wild = effect of allele from wild donor; cultivated = effect of
allele from cultivated donor. Bars at each genotypic class represent standard error of mean.

3.5. Identification of Markers Linked to Yield and 100-Seed Weight

The population CSSL (Fleur11 x [A. ipaénsis x A. duranensis]*) has been previously
genotyped using SSRs [23] and extensively evaluated for agronomic traits [30,46]. In this
study, 45 individuals of this population were evaluated in 2 environments and in 2 seasons.
Based on the pooled data, 29 individuals outperformed the recurrent parent Fleur11. The
two lines with heaviest seed weight, 12CS5_98 and 12CS_101 had 14% heavier seed than
the local check Serenut 2. In total 17 lines outperformed Naronut 2T and 33 outperformed
Naronut 1R for yield (Supplementary Table S1). Using results from previously genotyping
data, we listed the wild introgressed segments present in the genome of the lines with the
top largest seeds, and the markers associated with the segments (Figure 6). SSR Markers
associated with the introgressed segments of 12CS_98 are: Seq18A08_A3, gi-0832_A and
TCY9EO08_A1 and associated with 12CS_101 are: PM050_B, seq19D06_B and AC2C02_B1
(primer sequences can be found in [46]).
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Figure 6. Graphical genotypes of the 122 CSSLs [derived from Arachis hypogaea cv. Fleur 11 and the
allotetraploid AiAd (= IpaDurl = [A. ipaensis KG30076 x A. duranensis V14167]%). SSR markers are
represented vertically. Chromosome substitution lines are represented horizontally. The dark blue
areas represent wild chromosome segments, while the light blue areas represent the Fleur11 genetic
background. Red areas represent the wild supernumerary chromosome segments. More details to the
markers and lines represented in this figure can be found in Fonceka et al., 2012 [23]. Two of the lines
with largest seed are highlighted here along with the respective SSR marker: 12CS_098/A04_06.7.8.
and 12CS_101/A08_03.4.

4. Discussion

Late leaf spot and groundnut rosette disease (GRD) are the most important biotic
constraints to groundnut production in sub-Saharan Africa. As an effort to introgress
alleles from wild species into the cultivated species, three interspecific populations were
developed in Senegal and transferred to Uganda under the Peanut Innovation Lab—Feed
the Future program. Therefore, the present study was conducted to evaluate interspecific
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lines in two groundnut growing regions in Uganda to test their potential for incorporation
in the breeding program for East Africa.

4.1. Variations per Location and Season

In this study, there was large variation in collected phenotypes according to the location
and the season. In Nakabango, both diseases were more prevalent, which dramatically
influenced yields. Given that groundnut is amongst the major food crops in Nakabango
district, higher GRD and incidence could be partially attributed to the proximity to sources
of primary inoculum of GRD which increases disease pressure. Earlier research has also
shown that “Red Beauty”, a highly susceptible variety to GRD is the main groundnut
variety grown in Nakabango district, contributing to abundance of inoculum that may
remain on volunteer plants and/or alternative hosts [5,47]. GRD scores in 2019B were
generally lower than in 2020A. The differences between the two seasons could be partially
attributed to environmental factors such as temperature, humidity, and wind speed. High
wind speed was reported to have a negative influence on population buildup of aphids
causing them to be blown away and lowering their populations. During the study period,
wind speed was much higher at Nakabango in 2019B (59.5 km/h) than in Serere in 2020A
(31.4 km/h). Accordingly, this may help to explain the results of the study.

Disease ratings and agronomic traits of the interspecific lines were greatly influenced
by season and location (Supplementary Table S1), indicating significant Genotype x Envi-
ronment (G x E) interaction. This emphasizes the importance of evaluations of genotypes
in multiple seasons and locations and suggests the possibility of identifying resistant
genotypes with specific adaptability to target locations.

4.2. Phenotypic Evaluation and Selection of Superior Lines

Local varieties Naronut 2T and Naronut 1R presented strong levels of GRD resistance.
All these varieties are derived from a line ICGV-SM 86715 that has the wild species Arachis
diogoi V10602 in its pedigree [25,26] hence we conclude that the resistance likely derives
from this wild accession. A. diogoi V10602 has also been observed as resistant to other
viral diseases [4]. In the present study, moderate levels of resistance were recorded for the
interspecific lines, with the local variety Serenut 2 showing the highest level of resistance
(4.5) (Figure 3). Interspecific lines, B7-25-22-8, B12-14-2-2, B7-21-12-5 and B7-30-9-8 from the
population AB-QTL-2 (Fleur11 x [A. valida x A. duranensis]) and 11_28_15 and 1_13_1 from
the population AB-QTL-1 (Fleur11 x [A. batizocoi x A. duranensis]*) recorded significant
lower mean disease scores ranging from 4-6 compared to local checks and the recurrent
parent (Fleur11). Considering that the recurrent parent, Fleur 11 exhibited high severity, the
resistance observed amongst the plants can most plausibly be attributed to genes inherited
from the wild species of the allotetraploids used as donor parent. Introgression of alleles
from wild species was in accord with previous studies that demonstrated the presence of
resistance to late leaf spots in wild groundnut species and their derived neotetraploids,
including A. batizocoi, A. valida (K/B-genomes) and A. duranensis (A-genome species) [48,49].
The lines found here with moderate-high resistance to GRD and/or LLS can be used for
stacking alleles for durable resistance.

The yield potential in sub-Saharan Africa is reduced because of the prevalence of
both abiotic and biotic factors [10,50,51]. It is worth noting that, although the lines tested
here did not have significantly superior resistance to LLS or GRD than the wild-derived
locally popular varieties, several yielded significantly higher and had larger seeds (as per
100 seed weight). This is an indication of the usefulness of the interspecific lines as parents
in crosses to improve yield and stack resistances in existing varieties in Uganda. Among
the most resistant genotypes, B7-32-8-4 from the population AB-QLT2 (Fleurl1 x [A. valida
x A. duranensis]*) was the best performing, with consistent yields consistently greater
than the local checks across the two environments. High yielding is an important trait
for farmers, hence the resistant cultivars identified in the study could be included in a
breeding program. Several lines also flowered earlier than the local cultivars. Earliness is
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a very desirable trait especially in environments with a short rainy season. Uganda has
bimodal rainfall, and most predominantly groundnut growing areas have two cropping
cycles using early maturing varieties (<90 days). Late maturing varieties (Virginia market
types) are grown in longer rainy season areas. The next step of this work will be to verify
pod maturity of these same lines.

4.3. QTL Identification

Understanding the genetics of GRD and LLS resistance would create the opportu-
nity to use DNA markers to facilitate selection and the development of LLS and GRD
resistant genotypes. Hence, we used data from the AB-QTL-1 ([Fleur11 x (A. batizocoi x A.
duranensis]*) population to discover QTLs governing LLS and GRD resistance. For this
we used the individual environment datasets separately. Our linkage map consisted of
1440 SNP markers. All the detected QTL were environment specific, an indication that none
of the QTL were stable in phenotypic expression. For example, a QTL for GRD resistance,
namely QTL B04_10528843 (with 12.56% PVE), was detected in Nakabango in the first
season (2020A) and explained an estimated 12.56% of variation but was not detected in
Serere during the same season. The inconsistency of QTLs across the two locations may
be explained by the possible environmental influence on QTL expression and high error
variance in the individual environments, consequently restricting the transferability of
results from the QTL analysis across environments. Further tests will be needed to refine
these analyses.

Several efforts have been made to identify QTLs for important diseases of groundnut
such as ELS, LLS, rust and TSMV [52-55]. In the present study, more SNPs were identified
on the B-subgenome LGs compared to the A-subgenome LGs. Five QTLs were identified
on the B-subgenome LGs and one on the A-subgenome LG. For LLS resistance, two
QTLs on LG B04 were identified: severity at 12 weeks after planting and for AUDPC in
Nakabango; phenotypic variation of 9.43 and 9.60% explained respectively. Both QTL
had positive effects associated with wild alleles, an indication of the contribution of wild
alleles towards resistance. For GRD, QTLs were identified for all traits evaluated, except
for PDI at 12 weeks with PVE values ranging from 7.90-12.56% (Table 3). Four QTLs were
identified on four different linkage groups, with one wild-derived QTL having negative
additive effect located on LG A08 (Table 3). Curiously, this QTL is located within a cluster
of TIR-NBS-LRR class resistance genes present in the Arachis duranensis genome [41]. The
low correlation coefficient between late leaf spot and groundnut rosette parameters and the
different locations of their associated QTLs suggests that no gene with pleiotropic effects is
responsible for these disease variations in each region.

The positions of the QTLs found in the research were compared with previous QTL
studies for LLS and GRD resistance [53,54,56-58]. No overlapping QTLs were found from
these studies for LLS resistance with the single exception of a QTL on chromosome A08 for
resistance to GRD severity (22.76-23.42 Mbp) that overlaps with a QTL for LLS resistance
identified by [59]. This supports the notion that this region on chromosome A08 has genes
playing role in defense against diseases.

4.4. Usefulness of Lines to the Groundnut Breeding Program

Currently, the only sources of resistance to GRD and late leaf spots in Uganda are the
recent Serenut and Naronut varieties. Continuous selfing and limited use of few exotic
germplasm has further narrowed the genetic base of current varieties. Therefore, the
identified lines present novel sources of resistance that can be used to broaden the genetic
base of current lines in Uganda. In the present study, high yielding interspecific lines of
Spanish market type were field tested in two locations during two seasons with the main
intention of identifying resistance to LLS and GRD. Whilst resistances found were generally
not superior to the current local cultivars, they can be pyramided, increasing resistance
levels and durability. Further to this initial goal, other useful agronomic traits were also
found, such as higher yield, larger seeds and early flowering. The identified lines can be
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used in crosses to widen the genetic base of current varieties for yield and disease resistance.
This carries great potential to improve groundnut production and better livelihoods in
Uganda and other countries in East and Central Africa.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12092202/s1, Table S1: Data on the populations AB-
QTL-1 = Fleurl1 x [A. batizocoi x A. duranensis]**, AB-QTL-2 = Fleur11 x [A. valida x A. duranensis]**
and CSSL = Fleur11 x [A. ipaensis x A. duranensis]® evaluated in two seasons in two locations in
Uganda; Figure S1: Boxplots for late leaf spot and groundnut rosette diseases across locations and
years; Figure 52: Violin plots displaying yield (g), Days to 50% flowering (DTF), 100 seed weight, LLS
score and GRD severity amongst interspecific populations; Figure S3: A genetic linkage map of the
population AB-QTL-1 = Fleur11 x [A. batizocoi x A. duranensis]** obtained through the genotyping
analysis of 133 BC,F5 plants using Axiom Arachis v02.
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