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Abstract
Key message  Utilizing a high-density integrated genetic linkage map of hexaploid sweetpotato, we discovered a 
major dominant QTL for root-knot nematode (RKN) resistance and modeled its effects. This discovery is useful for 
development of a modern sweetpotato breeding program that utilizes marker-assisted selection and genomic selection 
approaches for faster genetic gain of RKN resistance.
Abstract  The root-knot nematode [Meloidogyne incognita (Kofoid & White) Chitwood] (RKN) causes significant storage 
root quality reduction and yields losses in cultivated sweetpotato [Ipomoea batatas (L.) Lam.]. In this study, resistance to 
RKN was examined in a mapping population consisting of 244 progenies derived from a cross (TB) between ‘Tanzania,’ a 
predominant African landrace cultivar with resistance to RKN, and ‘Beauregard,’ an RKN susceptible major cultivar in the 
USA. We performed quantitative trait loci (QTL) analysis using a random-effect QTL mapping model on the TB genetic 
map. An RKN bioassay incorporating potted cuttings of each genotype was conducted in the greenhouse and replicated five 
times over a period of 10 weeks. For each replication, each genotype was inoculated with ca. 20,000 RKN eggs, and root-
knot galls were counted ~62 days after inoculation. Resistance to RKN in the progeny was highly skewed toward the resistant 
parent, exhibiting medium to high levels of resistance. We identified one major QTL on linkage group 7, dominant in nature, 
which explained 58.3% of the phenotypic variation in RKN counts. This work represents a significant step forward in our 
understanding of the genetic architecture of RKN resistance and sets the stage for future utilization of genomics-assisted 
breeding in sweetpotato breeding programs.

Introduction

Plant parasitic nematodes are major pathogens of many 
cultivated crops (Agrios 2004). The root-knot nematode 
(RKN), Meloidogyne incognita, is a widely distributed 

plant parasitic nematode and is responsible for billions of 
dollars in crop losses annually (Sasser and Freckman 1987; 
Cervantes-Flores et al. 2008b). Root-knot nematodes (Meloi-
dogyne spp.) are distributed worldwide and the damage they 
inflict on the production of field crops is estimated at about 
10% worldwide (Whitehead 1998). In eastern Africa, RKNs 
are reported to affect sweetpotato (Namaganda et al. 1993; 
Makumbi-Kidza et al. 2000; Karuri et al. 2017), cassava 
and banana (Coyne et al. 2006). However, much of the dam-
age by RKNs goes undetected due to their associations with 
fungi and bacteria in disease complexes (Cervantes-Flores 
et al. 2008b). The cracking and secondary infections reduces 
the market value of the sweetpotato storage roots by directly 
affecting their quality.

RKNs are obligatory sedentary endoparasites with a life 
cycle of one to two months. Embryos develop and hatch as 
second-stage larvae (L2) that move through the soil and 
invade the plant root (Sasser 1980). Upon infection, the 
larvae establish a feeding site within the root cortex and 
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they undergo three additional molts before transitioning 
to an adult nematode. M. incognita is a mitotic partheno-
genetic species that produces a continuous infection chain 
once established. The feeding sites appear as rounded galls 
(knots) on the root vascular tissue of infected plants, thus 
disrupting their capacity to uptake nutrients from the 
soil. On fleshy storage roots of sweetpotato, the infection 
can appear as cracks, although these are also associated 
with various other environmental factors like soil texture 
and moisture (Lawrence et al. 1986). In their research on 
RKNs, Lawrence et al. (1986) suggested that pathogens 
may be predisposing the roots to cracking, rather than 
RKN a causal factor. The suggestion was based on a lack 
of correlation between number of cracked roots and initial 
RKN population size. They observed that when rainfall 
was more uniform, the storage roots did not crack although 
nematodes were present in them (Lawrence et al. 1986). 
There is also a genetic component to this since some geno-
types crack more often than others when grown in warm, 
wet and sandy soils.

Managing root-knot nematodes has often involved the 
use of neurotoxic nematicides in combination with cultural 
practices. Besides the obvious health and environmental risk 
that nematicides pose, their cost is prohibitive to small scale 
farmers and growers of sweetpotato (Gasapin 1984). The 
safest, most sustainable and economic control method is the 
use of resistant plant genotypes. Currently, most popular 
and widely grown sweetpotato cultivars are highly suscep-
tible to M. incognita (Kofoid & White) Chitwood and M. 
javanica (Kofoid & White) Chitwood (Cervantes-Flores 
et al. 2002). On a global scale, M. incognita is the most 
important and most widely distributed nematode species that 
affect cultivated sweetpotato (Jatala 1991). It prefers warm 
temperatures for completion of its lifecycle, rapidly increas-
ing in number by undergoing 4 to 5 generations per grow-
ing season (Cervantes-Flores 2000). The RKN species, M. 
javanica, is predominant in southern U.S but is not globally 
distributed (Cervantes-Flores et al. 2002).

The genetic basis and plant factors mediating sweetpotato 
resistance to RKN are not well understood. Ukoskit et al. 
(1997) hypothesized single-gene qualitative resistance, 
whereas quantitative resistance has been hypothesized by 
several other researchers (Cordner et al. 1954; Giamalva 
et al. 1961; Jones and Dukes 1980; Cervantes-Flores et al. 
2008b). Jones and Dukes (1980) suggested that independ-
ent sources of resistance to different strains of RKN were 
responsible for the observed differences in inheritance and 
that the genes originated from multiple origins (Mcharo 
et al. 2005). The RKN species M. Incognita has 4 differ-
ent physiological races i.e. race 1, 2, 3 and 4, with race 3 
being the most predominant in North Carolina. Histological 
studies have shown that RKNs in the juvenile (L2) stage 
penetrate both susceptible and resistant sweetpotato clones, 

as well as other Ipomoea species (Komiyama et al. 2006). 
However, Komiyama et al (2006) observed that localized 
necrotic reactions prevent further pathogen development 
in resistant clones, whereas in susceptible genotypes, the 
pathogen is able to establish itself. This view agrees with 
observations made by earlier researchers (Dropkin 1969; 
Paulson and Webster 1972). Nematodes that fail to estab-
lish feeding sites have been observed to either die or leave 
the roots (Koyimana et al. 2006). It has also been noted that 
resistance to M. incognita occurs via a hypersensitive reac-
tion in sweetpotato (Dean and Struble 1953; Gentile et al. 
1962; Martin and Birchfield 1973; Jones and Dukes 1980) 
and in other crops (Okamoto and Mitsui 1974).

Molecular markers have been widely used in many 
crops to identify and map genes associated with resistance 
to nematodes (Barr et al. 1998; Wang et al. 2001; Ynturi 
et al. 2006), but very few of such studies have been suc-
cessfully conducted in sweetpotato (Ukoskit et al. 1997; 
Mcharo et al. 2005; Cervantes-Flores et al. 2008b; Nakay-
ama et al. 2012). Ukoskit et al. (1997) used random ampli-
fied polymorphic DNA (RAPD) markers in a population of 
71 individuals derived from a cross between ‘Regal’ (resist-
ant) and ‘Vardaman’ (susceptible), and the marker OP151500 
was weakly associated (P = 0.037) with RKN resistance in 
the cross. Mcharo et al. (2005) employed amplified frag-
ment length polymorphism (AFLP) markers genotyping on 
two unrelated sweetpotato populations and applied logistic 
regression and discriminant analysis to study RKN resist-
ance. They report the ability to predict and classify the phe-
notype with an accuracy of 88.75 and 88.04%. However, 
since their population sizes were small (48 half sibs and 
54 full sibs) they could have overestimated the effect of 
the markers (Cervantes-Flores et al. 2008b). Using AFLP 
markers, which required the construction of two separate 
parental maps, Cervantes-Flores et al. (2008b) hypothesized 
that resistance to RKN was conferred by several genes in 
the ‘Tanzania’×‘Beauregard’ cross studied in this research. 
They detected nine QTL associated with RKN resistance, 
each of which showed a relatively small genetic effect. 
They also identified three unmapped duplex markers that 
explained most of the phenotypic variation (~ 45%), but 
they were not able to map those particular markers within 
the parental linkage maps. They concluded that the higher-
dose markers would be more informative when placed on 
the genetic map, and that they were potentially associated 
with one or two major genes (Cervantes-Flores et al. 2008b). 
For hexaploid sweetpotato, high dose markers are those with 
more than 2 reference alleles (duplex to hexaplex) on a given 
locus whereas low dose markers are those with 0 (nulliplex), 
or 1 (simplex) reference allele on the marker locus. More 
recently, Nakayama et al. (2012) have conducted an analysis 
of resistance to multiple races of southern root-knot nema-
tode (SRKN). They suggested that race-specific resistance 
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is more likely conferred by single genes and that the genes 
for resistance against each race are closely located (Nakay-
ama et al. 2012). However, like Ukoskit et al. (1997), their 
population of 86 F1 progeny was small, and they therefore 
could have overestimated the marker effects.

In this work, we describe the use of single- and mul-
tiple-dose bi-allelic single-nucleotide polymorphism 
(SNP) and insertion–deletion (indel) markers on the 
‘Tanzania’×‘Beauregard’ (TB) genetic linkage map to 
identify QTL for the RKN, Meloidogyne incognita, race 3. 
We utilized new genomic tools and resources developed for 
sweetpotato genetic improvement, which include chromo-
some-scale reference genome assembly of a putative dip-
loid ancestral progenitor of sweetpotato, I. trifida (Wu et al. 
2018); a quantitative reduced representation sequencing-
based genotyping platform, GBSpoly (Wadl et al. 2018); 
and R packages for linkage map construction, MAPpoly 
(Mollinari and Garcia 2019; Mollinari et al. 2020), and QTL 
mapping, QTLpoly (Pereira et al. 2020).

The high-density integrated genetic linkage map was 
developed from a segregating mapping population consisting 
of 244 individuals derived from a cross between ‘Tanzania,’ 
an African landrace cultivar, and ‘Beauregard,’ a major US 
cultivar (Cervantes-Flores 2006). ‘Tanzania’ is highly resist-
ant to four major RKN races, while ‘Beauregard’ is highly 
susceptible to RKN infection (Cervantes-Flores et al. 2002). 
Here, we describe the localization of a major QTL associ-
ated with resistance and their associated genetic effects. We 
further BLAST search the sequences within the confidence 
interval of the major QTL-associated markers in order to 
find putative candidate genes that may be involved in RKN 
resistance in sweetpotato.

Materials and methods

Germplasm

The TB mapping population was previously described in 
detail by Cervantes-Flores et al. (2008a). It consists of 244 
individuals derived from a cross between the RKN resist-
ant African cultivar, ‘Tanzania,’ and RKN susceptible USA 
cultivar, ‘Beauregard.’ ‘Tanzania’ is a released landrace 
sweetpotato cultivar in Uganda and is an important cultivar 
in sub-Saharan Africa. It is a cream-fleshed, high dry matter 
(ca. 30%) sweetpotato. ‘Beauregard’ is a major sweetpotato 
in the U.S and is an orange-fleshed, low dry matter (ca. 18%) 
cultivar. To develop the mapping population, crosses were 
made by hand in the screenhouse using ‘Tanzania’ as the 
female parent and ‘Beauregard’ as the male. Since ‘Tan-
zania’ has low pollen production, reciprocal crosses were 
not done. Out of the 350 seed that were germinated from 
this cross, a total of 250 clones (including 2 parents and 4 

checks) were selected randomly for genetic studies. Since 
its development, the mapping population and parents have 
been maintained in tissue culture for long term storage, and 
in the greenhouse in a vegetative state in virus-free condi-
tions. We conduct periodic propagation renewals with each 
clone planted, in a 20.3-cm-diameter pot containing Fafard 
P4 soil mix (Fafard, Agawam, MA). For each individual 
clone, five three-node cuttings were taken and planted into 
72-cell Landmark™ seedling trays (Stuewe & Sons, Corval-
lis, OR) containing Fafard P4 for propagation in the green-
house. Along with the two parents, we included four checks 
of known RKN performance (‘Covington’—resistant, ‘Her-
nandez’—partially resistant, ‘Jewel’—resistant and ‘Porto 
Rico’—susceptible). Plants were grown under greenhouse 
conditions at 25–28 °C and watered as needed. They were 
also fertilized to supplement their nutrient needs throughout 
the growing period.

RKN screening in the greenhouse

A single ~ 15-cm-long cutting of each genotype was trans-
planted into 4′′ Azalea pots (round) containing a 50:50 
pasteurized mix (by volume) of coarse sand and field soil 
(88.9% loamy sand, 8.3% silt and 2.8% clay), respectively 
(Cervantes-Flores et al. 2008a, 2002). The cuttings were 
allowed to root for 14 days before inoculation. The experi-
ment was performed using a completely randomized design 
(CRD) with five replications (reps) separated by time (i.e., 
one replication consisted of all 244 full sibs plus two parents 
and four checks with reps repeated over time). All reps were 
planted and harvested in Fall 2016 on separate dates, with 
reps 1 through 5 harvested 62, 55, 62, 69 and 62 days after 
planting, respectively.

Root-knot nematodes eggs, M. incognita (race 3, the 
most predominant in North Carolina), that were previously 
cultured on ‘Rutgers’ tomato plants (Solanum lycopersi-
cum L.) were extracted using NaOCl. This method has been 
described by Hussey and Barker (1973) and was used in this 
same population by Cervantes-Flores et al. (2006). A 15 
ml inoculum solution containing ~ 20,000 RKN eggs was 
applied into the soil mixture to infest each plant. Plants were 
grown under controlled greenhouse conditions of 25–28 °C 
and were watered and fertilized as needed.

At the end of each trial (rep), the plants were harvested 
and rated by counting the number of root knots (galls) pre-
sent on each root system for every genotype (Cervantes-
Flores et al. 2002). This was done beginning with the first 
rep, then after one week the second, then the third and so on. 
The root tissue was stained with red food coloring (McCor-
mick and Co., Baltimore, MD) to facilitate visual ratings. 
This method is non-toxic, and its results are comparable to 
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those described by Hussey and Barker where a neurotoxic 
chemical, Phloxine B, was used (1973).

We also collected data for vine and root weights over four 
replications (reps 2 through 5). At the end of the greenhouse 
trial and the RKN assay, individual clones were placed in 
labeled paper bags and dried in a hot air oven at 65–70 °C for 
72 h. Measurements were taken for the weights (in grams) of 
fresh and dry vine and roots (both storage and adventitious 
roots). This was done to determine whether there was a rela-
tionship between vine/root weight and number of RKN galls.

Genotyping and genetic map construction

Genotyping and genetic map construction was performed 
as described by Amankwaah (2019). In brief, genotyping 
of the TB population was done using GBSpoly, an opti-
mized genotyping-by-sequencing method for highly het-
erozygous polyploid genomes (Wadl et al. 2018). Genomic 
DNA library preparation and sequencing were done by the 
Genomic Sciences Laboratory (GSL) at North Carolina 
State University. GBSpoly reads were aligned against the 
I. trifida genome (Wu et al. 2018), and read counts were 
stored in VCF files using Tassel4-Poly (Pereira et al. 2018). 
Marker dosage calling was performed using SuperMASSA 
software (Serang et al. 2012) through VCF2SM software 
(Pereira et al. 2018).

The R package MAPpoly (Mollinari and Garcia 2019; 
available at https://​github.​com/​mmoli​na/​mappo​ly) was used 
to construct an integrated, high-density linkage map consist-
ing of 14,813 markers spanning 2120 cM (6.9 loci/cM) of 
15 linkage groups (LGs). The integrated, fully phased TB 
linkage map is available at https://​gt4sp-​genet​ic-​map.​shiny​
apps.​io/​tb_​map/. This method has been comprehensively 
described by Mollinari et al. (2020), whereas the TB map 
has been fully described by Amankwaah et al. (2019). The 
genotype conditional probabilities were calculated every 
1 cM for the whole genome (Mollinari et al. 2020) for QTL 
mapping purposes.

Phenotypic data and QTL analysis

Restricted maximum likelihood (REML) variance compo-
nent analysis of the phenotypic data was performed using 
ASReml-R version 4.1 (VSN International 2014) to generate 
joint adjusted means for QTL analysis using the following 
mixed model:

where yij is the observed phenotypic value of genotype i 
in rep j , � is the population mean of the trait, rj is the random 

yij = � + rj + ti + eij

effect of replication j (j = 1,… , J;J = 4 or 5) depending on 
the trait) with rj ∼ N

(

0, �2
r

)

 , ti is the fixed effect of indi-
vidual i (i = 1,… , I;I = 250) and eij is the residual error with 
eij ∼ N

(

0, �2
e

)

.
For heritability estimation, the effect of individuals (ti) 

was separated into two groups: random genotype effect 
gi ∼ N

(

0, �2
g

)

 (i = 1,… , Ig; Ig = 244) and fixed check 
effect ci (i = Ig + 1,… , Ig + Ic; Ic = 6) . The mean-based 
broad-sense heritability values of root-knot (galls) counts, 
and vine and root weights in the greenhouse trial were esti-
mated using the formula:

For QTL mapping, we used a random-effect multiple 
interval mapping (REMIM) model implemented in the R 
package QTLpoly (Pereira et al. 2020; available at https://​
github.​com/​guilh​erme-​perei​ra/​qtlpo​ly). The variance com-
ponents associated with the putative QTL were estimated 
using the REML method and tested using score statistics. 
Briefly, QTLpoly is based on the following stepwise method: 
First, one QTL at a time was added to the QTL model using 
forward search and a less conservative genome-wide sig-
nificance level (� = 0.20) . Second, a test of each added 
QTL conditional to all the others in the model was carried 
out using backward elimination with a more conservative 
genome-wide significance level (� = 0.05) . These forward 
and backward procedures were repeated under the more con-
servative threshold until there were no more QTL added or 
dropped from the model. A region of 15 cM on either side of 
QTL already in the model was avoided in the search for new 
QTL. Finally, estimates of QTL allelic effects were com-
puted based on the prediction of individual breeding values. 
Genome-wide significance levels (�) were defined based on 
a score-based resampling method (Pereira et al. 2020).

QTL peaks were identified from the most significant P 
values and plotted along the LGs. A final analysis included 
the computation of QTL heritability 

(

h2
QTL

)

 as a proportion 
of the genetic variance due to a QTL over the total pheno-
typic variance. The additive allele effects (contribution of 
each haplotype to the population mean) were obtained by 
averaging the genotypic values containing them. Since an 
identified QTL could possibly span a large portion of a LG, 
QTLpoly plots 95% confidence intervals for each identified 
QTL. These support intervals show the regions on the link-
age group within which there is high confidence for the pres-
ence of the QTL.

H2 =
�
2
g

�2
g
+

�2
e

J

https://github.com/mmolina/mappoly
https://gt4sp-genetic-map.shinyapps.io/tb_map/
https://gt4sp-genetic-map.shinyapps.io/tb_map/
https://github.com/guilherme-pereira/qtlpoly
https://github.com/guilherme-pereira/qtlpoly
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Candidate gene search

We searched for genes within support intervals of major 
QTL using sequence information from the pseudomolecules 
of the I. trifida (NSP306) reference genome (Wu et al. 2018). 
The I. trifida assembly is a 462 Mb reference sequence for 
hexaploid sweetpotato, with 32,301 annotated high confi-
dence gene models (http://​sweet​potato.​plant​biolo​gy.​msu.​
edu/). This reference sequence genome was repeat masked 
then annotated for protein-coding genes using a set of tran-
script and protein evidence (Wu et al. 2018).

Results

Phenotypic data

A histogram plot of the adjusted mean of the root-knot count 
data from five replications showed that most of the progenies 
were resistant (Fig. 1). The correlation among different rep-
lications and the adjusted mean were high ( r= 0.79–0.96; 
P < 0.001), and there was no significant difference among 
reps despite their distribution over time (Supplemental 

Fig.1   Histogram and boxplot of the adjusted means of root-knot 
counts in the TB population. Most of the progeny (75%) reacted like 
‘Tanzania’ (< 15 root-knot counts), the resistant parent, while < 1% 
were more susceptible than ‘Beauregard.’ The boxplot above the his-
togram shows the statistics of the distribution

Fig. 2   QTL profile for root-knot 
count adjusted mean in the TB 
population. A single major QTL 
was identified on linkage group 
7. LOP is the logarithm of P 
values of score tests carried out 
every centimorgan (cM)

Table 1   Summary statistics of 
QTL for RKN resistance on the 
TB map. h2

QTL
 is the heritability 

of the QTL

Lower and upper support intervals (SI) represent the boundaries upstream and downstream of the QTL on 
the linkage group (LG). Score represents the score statistics for the marker

LG Position (cM) Marker (bp) Score P value Mean ( �) h
2
QTL

QTL 7 6.74 S7_976713 
(976713)

691.86  < 2.22e–16 15.77 0.583

Lower SI 7 0.00 S7_55468 
(55468)

596.41  < 2.22e–16

Upper SI 7 49.01 S7_4668738 
(4668738)

339.39  < 2.22e–16

http://sweetpotato.plantbiology.msu.edu/
http://sweetpotato.plantbiology.msu.edu/
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Figure S1). Just like in individual reps, the distribution of 
joint means over all five trials demonstrated skewing toward 
the resistant parent (Fig. 1). Transgressive segregation was 
observed, i.e., a few progenies (< 1%) exhibiting lower levels 
of RKN resistance than ‘Beauregard,’ the susceptible parent 
(more than 118 galls per root system). The resistant parent, 
‘Tanzania’ demonstrated 100% resistance in that there were 
no root-knot galls observed in its entire root system. Mean-
based broad-sense heritability in the greenhouse trial was 
estimated at 96% for root-knot counts.

Histograms of the adjusted means for fresh and dry vine 
and root weights in the parents and progeny of the TB popu-
lation (Supplemental Figure S2) showed that most genotypes 
segregated toward the female parent, ‘Tanzania.’ Dry vine 
weight was normally distributed, whereas dry root weight 
was right skewed. The weight of vines for ‘Tanzania’ was 
high, but it did not have any storage roots formed by the 
end of the greenhouse trial, just like most progenies. We 
did not observe any significant correlation (P value > 0.05) 
between root-knot counts and any other measured trait (Sup-
plemental Figure S3). Heritability values ranged from 55 to 
68% for dry weight of vines and storage roots, respectively. 

Raw phenotypic data and the adjusted means are available 
in Supplemental File S1.

QTL analysis

By using score-based statistics and a random-effect QTL 
model implemented in the R package QTLpoly, we detected 
a single major QTL (P value < 2.22e−16) for resistance to 
RKN, M. incognita race 3, on LG 7 at 6.74 cM (Fig. 2), 
explaining 58.3% of the total phenotypic variation (Table 1). 
Similarly, this QTL was consistently present in each of the 
reps (Supplemental Figure S4). The support intervals for 
the mapped QTL (Table 1; Supplemental Figure S5) ranged 
from 0 to 49.01 cM on the LG 7. We did not observe any 
significant QTL with the vine or storage roots weight traits 
(data not shown). Since the plants were put in 4′′ round 
Azalea pots for the greenhouse assay and harvested between 
55 and 69 days after planting, we believe that these weight 
traits were measured at an early stage before the plants had 
enough time to differentially express themselves fully and 
more consistently for genetic differences to be realized.

Fig. 3   Root-knot nematode 
(RKN) resistance locus in TB 
mapping population. a Linkage 
group (LG) 7. b The first 167 
markers (1–20 cM of LG 7) 
show together with their allele 
variants, dosage and linkage 
phasing. From bottom to top, a 
through f and g through l rep-
resent ‘Beauregard’ and ‘Tan-
zania’ haplotypes, respectively. 
c Single-marker analysis has 
shown three highly significant 
markers (LOD ≈ 30), whereas 
d random-effect interval map-
ping has shown that all markers 
are highly significant (score 
test > 550, P value < 2.2e–16). 
e Regression on the marker 
dosage and f on the diploidized 
genotype call for S7_1038803. 
g Breakdown of genotypic 
values showing additive effects 
(as deviation from population 
mean, � = 15.8) from each 
allele at the major QTL posi-
tion (S7_1038803). Note how 
duplex markers in ‘Tanzania’ 
are in coupling-phase with h 
and i haplotypes at the high-
lighted locus in Fig. 3b
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For the major QTL region on LG 7 (Fig. 3a), we con-
ducted single-marker analysis incorporating marker dosage 
using random-effect interval mapping (score tests on the 
genotype conditional probability) on each of the 167 mark-
ers located within the first 20 cM (Fig. 3b). Three mark-
ers (S7_899372, S7_1038803 and S7_1038845) exhibited 
LOD score ca. 30, representing the highest among the 167 
single markers analyzed (Fig. 3c). But, score tests showed 
that all markers in the QTL interval were significant (P 
value < 2.22e–16), with the highest score associated with 
marker S7_1038803 (Fig. 3d).

Interestingly, the three most significant markers from 
single-marker analysis were double-dose (duplex) for ‘Tan-
zania,’ and zero-dose (nulliplex) for ‘Beauregard’ relative 
to an arbitrary allele A. Such a cross, AAaaaa × aaaaaa, is 
expected to segregate 1 aaaaaa: 3 Aaaaaa: 1 AAaaaa. For 
instance, for marker S7_1038803, in which the observed 
segregation ratio was 64:114:39, there was not statistically 
significant deviation from the expected 1:3:1 segregation 
ratio ( �2 = 12.24, P value > 0.001). For this marker, the lin-
ear regression on the three dosage classes (0, 1, 2) is shown 
in Fig. 3e with a highly significant slope ( R2 = 0.383; F-sta-
tistic = 133.1, P value < 2.22e–16). There was no observed 
significant difference between the heterozygous class means 
(F-statistic = 2.7, P-value = 0.101), and combining these 
two classes (1, 2) as in Fig. 3f also resulted in a significant 
slope ( R2 = 0.500; F-statistic = 214.3, P value < 2.22e–16). 
Finally, we fitted a Haley–Knott regression (Haley and 
Knott 1992) using the map-based genotypic probabilities 
on S7_1038803 marker, with an interaction between alleles 
h and i (i.e., dominance effect), and this interaction appeared 
to be highly significant ( P value < 5.5e–14) (Supplemental 
Table S1).

From the breakdown of genotypic values derived from the 
random-effect interval mapping showing additive effects of 
each parental haplotype (Fig. 3g), we noticed that the seg-
regating alleles for root-knot counts were mostly present in 
‘Tanzania,’ the resistant parent, whereas ‘Beauregard’ did 
not seem to contribute much to the trait variation. Alleles 
with positive effects demonstrated how much susceptibility 
to RKN can be increased by the presence of those alleles in 
the population, whereas those with a negative effect show 
how much resistance to RKN can be increased. We were able 
to identify two haplotypes in ‘Tanzania,’ h and i, that were 
the most important configurations in increasing resistance. 
In fact, the significant duplex markers in ‘Tanzania’ identi-
fied as highly significant by single-marker analysis were in 
coupling-phase with h and i haplotypes.

Candidate gene search

The QTL for RKN resistance on LG 7 spanned a wide range 
of the chromosome that included a number of genes and 
several other molecular components that regulate them. Our 
search was performed on LG 7 within the ~ 50 cM support 
interval of the mapped QTL peak and spanned 4.61 Mb 
(~ 20%) of chromosome 7 of I. trifida reference genome (Wu 
et al. 2018) which contained 629 annotated genes (Supple-
mental File S2). The first half of the LG 7 in TB was highly 
colinear with the chromosome 7 of I. trifida (Mollinari et al. 
2020), which allowed us to use the same annotation for I. 
batatas. As there were too many genes to manually curate 
and 50 cM being a big genomic space, we decided to present 
all of these 629 annotated genes as supplementary mate-
rial (Supplemental File S2) that should be probed further in 
order to identify those that are most relevant to RKN resist-
ance. However, genes that were identified in the region of 
the QTL peak from 5 to 10 cM (i.e. from S7_811167 to 
S7_1565091) and may be related to nematode resistance 
included: a major facilitator protein (itf07g03290.t1; gene 
name assigned on the I. trifida reference genome), a super-
family of membrane transport proteins that facilitate move-
ment of sugars and small molecules across cell membranes 
(Pao et al. 1998); vacuolar protein sorting (itf07g04740.t2), 
a family of proteins involved in a series of vital mechanisms 
including, but not limited to autophagy, ion secretion by salt 
glands, abiotic/biotic stress responses, and so on (Surpin and 
Raikhel 2004; Xiang et al. 2013); phosphatidylinositol trans-
fer protein (itf07g06330.t1), a family of proteins responsi-
ble for various cellular functions including development and 
signaling, involvement in exocytosis, reactive oxygen spe-
cies (ROS) production, vesicular traffic and transcriptional 
activity (Park et al. 2003; Joo et al. 2005; Lee et al. 2008); 
and a Scarecrow-like transcription factor (itf07g01620), 
which has been reported by Huang et al. (2005) as a puta-
tive target for a bioactive nematode peptide in Arabidopsis.

Discussion

The TB mapping population has been studied extensively 
and is well suited for investigating the architecture of resist-
ance to RKN for various reasons, as discussed by Cervantes-
Flores et al. (2002, 2005, 2008b). In all screening studies 
of several sweetpotato genotypes, ‘Tanzania’ has consist-
ently shown high levels of resistance to multiple species and 
races of nematodes (Cervantes-Flores et al. 2002; Karuri 
et al. 2017). ‘Beauregard,’ on the other hand, is susceptible 
to the same RKN species (Cervantes-Flores et al. 2002). 
The F1 mapping population is large enough at 244 individ-
uals to provide enough statistical power of detection and 
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estimation of QTL effects, and also allows for detection of 
recombinant genotypes that allow better dissection of the 
trait and QTL analysis. The importance of population size 
to study the inheritance of a trait and to detect QTL has been 
strongly emphasized by several researchers (Collard et al. 
2005; Doerge et al. 1997; Cervantes-Flores et al. 2008a). In 
a polyploid crop such as sweetpotato, a large population size 
increases the statistical power and resolution to detect QTL 
(Collard et al. 2005; Kriegner et al. 2003; Cervantes-Flores 
et al. 2008b). The previous studies have relied on marker 
data that are not fully informative since the marker assays 
lacked the ability to capture the full spectrum of allele dos-
age. For a complex polyploid like sweetpotato, it is impor-
tant to utilize higher-dose markers because these markers 
can help to link different homeologous chromosomes and 
construct an integrated map (Garcia et al. 2013; Mollinari 
and Garcia 2019). Additionally, in order to guarantee rea-
sonable coverage of the relatively large genome of hexa-
ploid sweetpotato for genetic characterization and analysis, 
a relatively large number of markers (several thousands) 
are required to capture the full spectrum of recombination 
events.

The frequency distribution observed in our study for root-
knot counts (Fig. 1) was consistent with that of other stud-
ies (Cervantes-Flores et al. 2008b; Nakayama et al. 2012) 
and, given the percentage of resistant (~ 75%) progenies, 
conforms to 4:1 ratio. This pattern can be explained by the 
action of one or two major genes/alleles that are most likely 
segregating independently (Cervantes-Flores et al. 2008b), 
assuming hexasomic inheritance. Proposing the hypothesis 
of a single double-dose QTL, it is expected that 80% of the 
progeny contain at least one resistant allele (60% one allele, 
20% two allele, 20% zero allele). This is in strong agreement 
with our observation of the phenotype (Fig. 1). However, 
since a continuum of resistance reactions is observed in most 
of the segregating populations studied to date, the resistance 
reaction to RKN is considered quantitative, but most likely 
conferred by additional loci with small effects. Polygenic 
resistance to nematodes is very common in plants and has 
been reported in sweetpotato (Cervantes-Flores et al. 2008b) 
and potato [Solanum tuberosum] (Bryan et al. 2002).

Molecular markers linked to a QTL that have been effec-
tively utilized in breeding programs for cultivar development 
include QTL for soybean resistance to cyst nematode [Het-
erodera glycines] (Concibido et al. 2004), the Fhb1 QTL 
for Fusarium head blight resistance in wheat [Triticum aes-
tivum] (Anderson et al. 2008), the H1 QTL for potato cyst 
nematode resistance in potato [Solanum tuberosum spp.] 
(Finkers-Tomczak et al. 2011), the Mi QTL for root-knot 
nematode resistance in tomato [Solanum lycopersicum] (Ho 
et al. 1992) and the Sub1 QTL for submergence tolerance 
in rice [Oryza sativa] (Septiningsih et al. 2009). In each 
of these cases, the favorable QTL allele had an effect that 

was large enough to be easily tracked and fixed by standard 
breeding procedures (Bernardo 2016).

The broad-sense heritability of resistance to RKN was 
high ( H2 = 96%) and this is close to the 89% observed by 
Cervantes-Flores et al. (2008b) considering that a greater 
portion of the progeny would be considered resistant accord-
ing to the number of root-knot galls present in the root sys-
tem. Here, we identified one major resistance QTL on LG 
7 (Fig. 2) explaining 58.3% of the variation for root-knot 
counts in the mapping population (Table 1). Furthermore, 
the QTL described for the joint adjusted means were consist-
ent with those of the raw count data of individual replica-
tions (Supplemental Figure S4).

In their earlier work on RKN resistance in this TB popula-
tion, Cervantes-Flores et al. (2008b) used AFLP markers and 
identified nine minor effect QTL responsible for the resist-
ance. They reported that none of the mapped QTL explained 
more than 15% of variation, but interestingly observed three 
unmapped duplex markers that explained ~ 45% of the varia-
tion. These duplex markers might be in coupling-phase with 
the three duplex markers identified via single-marker analy-
sis here (Fig. 3C). With this information, they concluded that 
these higher-dose markers are potentially associated with 
one or two major genes and that this would agree with the 
observed segregation ratio of the phenotypes. Although they 
could not determine this hypothesis at that point in time, 
they recommended further analysis through the addition of 
more markers, sequencing and other such approaches (Cer-
vantes-Flores et al. 2008b).

The QTL on LG 7 explaining 58.3% of the phenotypic 
variation is a great improvement compared to the work of 
Cervantes-Flores et al. (2008b), where none of their QTL 
identified in the linkage map explained more than 15% of 
the phenotypic variation. This was only possible because, 
in contrast to the map by Cervantes-Flores et al. (2008a), 
our integrated TB genetic map was developed using single- 
and multi-dose SNP and indel markers (Amankwaah 2019). 
The fully phased linkage map showed that ‘Tanzania’ was 
the greatest contributor providing a combination of favora-
ble alleles that increased resistance (Fig. 3g). The existence 
of two haplotypes contributing to resistance explains the 
fact that more than one QTL was marginally mapped by 
Cervantes-Flores et al. (2008b), when, in fact, it consisted 
of a single locus. In addition, either simplex or duplex 
individuals showed similar levels of resistance (Fig. 3f). 
Thus, we estimated the dominance effect of alleles h and 
i using a Haley–Knott regression (Haley and Knott 1992) 
with interaction between them. The results showed a highly 
significant interaction, with allelic substitution effect of h 
and i equals –49.0 and –49.3, respectively, and interaction 
effect equals 50.0 indicating that the presence of either allele 
decrease ~ 49 the number of root-knot count; however, in the 
presence of both alleles this number is practically unaffected 
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(Supplemental Table S1). These findings indicate that such 
an RKN resistance locus is most likely complete dominant 
in nature.

The mapped QTL locations on the linkage groups were 
considered as potential regions to search for putative can-
didate genes that might be involved in RKN resistance, 
with QTLpoly providing the confidence limits for the QTL 
(Table 1; Supplemental Figure S5) within which a search for 
candidate genes could be conducted. A strong marker–QTL 
association detected in full-sib progenies could be an impor-
tant factor for crop improvement programs that use clonal 
propagation because the possibility of crossover between 
the marker and QTL is low. Sweetpotato has high genetic 
complexity and its genome is not yet fully sequenced to date; 
therefore, inferences about putative candidate genes could 
contribute to new insights and open new areas of research 
in mining and validation of QTL and genes of interest (Bal-
salobre et al. 2017). Our study, as well as that of Gemenet 
et al. (2020) who studied the molecular relationship between 
β-carotene and starch content in sweetpotato, validates the 
robustness of the new genomics tools in dissecting the 
genetic architecture of important yet complex traits in cul-
tivated sweetpotato.

Upon inspection of the I. trifida reference genomic region 
corresponding to our QTL, we observed that several genes 
were centered within the major QTL peak. We recommend 
that this sequence region be probed further and analyzed 
using RNA-seq data or other fine mapping and gene cloning 
approaches to identify the exact genes of importance in iden-
tifying resistance genes to RKNs. Resistance of field plants 
against RKN has previously been observed to be mediated 
through a hypersensitive response in cowpea (Das et al. 
2008), tomato (Teresa Melillo et al. 2006) and sweetpotato 
(Dean and Struble 1953; Gentile et al. 1962; Martin and 
Birchfield 1973; Jones and Dukes 1980).

Favorable alleles have an average effect that decrease the 
mean of the trait value, thus increasing resistance. ‘Tanza-
nia,’ being the resistant parent, was shown to have alleles 
that are able to mask its unfavorable alleles, thereby result-
ing in resistance. When making selection in a breeding pro-
gram, the use of an identified QTL requires the integration 
of breeding values estimated from average effects of alleles. 
Selection is therefore made on favorable alleles only whose 
additive effects can pass on to the next generation for popu-
lation improvement.

Based on our analyses of the breeding value predictions 
in the TB population using QTLpoly, the top ten genotypes 
(i.e., clones) that have a favorable allele effect for decreasing 
the mean of RKN egg masses and thus increasing resistance 
were: TB163, TB237, TB83, TB63, TB183, TB50, TB214, 
TB213, TB249 and TB235 (Supplemental File S3). Based 
on these predictions, if these clones are used as parents for 

RKN population improvement, the average effects of their 
alleles would potentially increase the genetic gain for RKN 
resistance.

In conclusion, we have identified a major QTL associated 
with RKN resistance in hexaploid sweetpotato that explain 
58.3% of the variation in gall production. Our understanding 
of the genetic architecture of this important trait has signifi-
cantly improved due to the utilization of new molecular and 
bioinformatics tools. The search of possible candidate genes 
for mapped QTL is a preliminary analysis highlighting the 
importance of new insights into the relationships between 
statistical genetics and biology. Further research is needed to 
expound on the observations made in this study, to identify 
and confirm the genes at these QTL regions through RNA-
seq analysis and transgenic approaches such as gene silenc-
ing and CRISPR technologies. The work presented here is 
one aspect of a larger effort focused on the development and 
efficient use of new genomic, statistical and bioinformatics 
tools for sweetpotato improvement under the GT4SP project.
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