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Abstract
Improving potato late blight (LB) resistance is essential for ensuring food security,

particularly using wild relatives endemic to Phytophthora infestans-prone regions.

However, reproductive barriers can impede the transfer from potato wild relatives

(PWR) to the cultivated genepool. This study sought to incorporate potentially novel

LB resistance from wild diploid accessions of Series Piurana (Solanum chiquidenum,
Solanum paucissectum, and Solanum piurae), Tuberosa (Solanum cajamarquense),

and Megistracroloba (Solanum sogarandinum) into tetraploid potato. Trough rescue

pollination, 699 diploid interspecific hybrids were obtained, of which 385 displayed

LB resistance in two endemic environments. Based on a comprehensive evalua-

tion, including assessing 2n pollen production, 14 diploid interspecific hybrids were

selected to continue the introgression process. These pre-bred stocks were then used

in interploidy (4x-2x) crosses to incorporate their LB resistance in the cultivated

tetraploid background. Assessment of 1978 genotypes resulting from interploidy

crosses under endemic disease pressure yielded 717 hybrids with moderate to high

levels of LB resistance. Evaluation of pollen viability and ploidy revealed moder-

ate fertility and predominantly tetraploid genotypes. Reassessment of LB resistance

on this new subset of hybrids further identified 214 genotypes with sustained resis-

tance. Among them, 12 tetraploid hybrids with low glycoalkaloid content, favorable

agronomic, and post-harvest attributes were identified as crossing-friendly stocks.

Notably, 11 of these hybrids were derived from S. cajamarquense and one from S.
sogarandinum. These promising 4x hybrids are now primed to be incorporated into

potato breeding programs.

Abbreviations: BLUPs, best linear unbiased predictions; CIP,
International Potato Center; EBN, endosperm balance number; ER, embryo
rescue; FW, fresh weight; GP, gene pool; HER, hybrids from crosses with
ER; HI, haploid inducer; HR, highly resistant; HS, highly susceptible; LB,
late blight; MR, moderately resistant; PWR, potato wild species; rAUDPC,
relative area under the disease progress curve; SSR, microsatellite markers.
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1 INTRODUCTION

Cultivated potato (Solanum tuberosum L, 2n = 4x = 48) is a
key food and cash crop grown worldwide (Bradshaw & Ram-
say, 2009). However, its production is severely impacted by
late blight (LB), a disease caused by the oomycete Phytoph-
thora infestans, which can result in significant yield losses,

Crop Science. 2023;1–14. wileyonlinelibrary.com/journal/csc2 1

https://orcid.org/0000-0003-4554-4354
https://orcid.org/0000-0002-6523-8824
https://orcid.org/0000-0002-5157-187X
mailto:bordonez@ucdavis.edu
mailto:h.lindqvist-kreuze@cgiar.org
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/csc2


2 ORDOÑEZ ET AL.Crop Science

particularly in low input agricultural systems. Early LB breed-
ing efforts focused on introgressing resistance genes (Rpi)
from the wild species, Solanum demissum, but many of these
varieties were eventually overcome by virulent strains of the
pathogen, resulting in a heavy reliance on fungicides for dis-
ease control. Later, Rpi genes were discovered in various
potato wild species (PWR), providing potato breeders with
promising new sources of resistance.

Recently, Paluchowska et al. (2022) compiled a compre-
hensive list of previously identified Rpi genes, providing valu-
able information for potato breeders in their efforts to develop
resistant varieties. However, traditional breeding, even with
molecular markers, to introduce Rpi genes into tetraploid
elite potato clones or already released varieties is challenging
due to the high heterozygosity and other attributes that must
be considered in selection. Genetic engineering is a viable
option if regulatory systems permit, and various examples of
such products have been documented (e.g., Ghislain et al.,
2019; for further examples, see Paluchowska et al., 2022).
Pyramiding Rpi genes aided by marker assisted introgres-
sion followed by backcrossing in (nearly) homozygous diploid
potato lines is a new promising technology possible after
enabling self-compatibility in diploid potato (Su et al., 2020).

The use of several PWR in breeding is hindered
by genetically-based biological barriers such as ploidy,
endosperm balance number (EBN), and linkage drag (Jan-
sky, 2006). For instance, the EBN hypothesis, which is a
postzygotic barrier, has been extensively studied in potatoes.
According to this hypothesis, successful fertilization can only
take place when the developing endosperm has a 2:1 ratio
of maternal to paternal genetic material. Crossability with
cultivated potatoes is used to classify PWR, with species in
gene pool 1 (GP1) easily and directly crossed with cultivated
potatoes, while species in GP2 and GP3 require aid or manip-
ulation for hybridization. As a result, only few LB-resistant
PWR, such as Solanum bulbocastanum, Solanum microdon-
tum, Solanum sparsipilum, Solanum stoloniferum, Solanum
venturii, Solanum verrucosum, Solanum chacoense, Solanum
capsicibaccatum, and Solanum edinense have been used in the
development of potato varieties (Blossei et al., 2021; Keijzer
et al., 2022).

The International Potato Center (CIP) actively surveys
underutilized PWR to identify novel sources of LB resistance
within species that have evolved in LB-prone environments,
but not yet been used in breeding. Pérez et al. (2000) eval-
uated 133 Solanum accessions in 51 tuber-bearing species
of 13 taxonomic series for LB resistance and identified 16
species containing at least one accession with either moderate
or high levels of LB resistance. CIP’s breeding program then
selected species from Series Piurana (Solanum chiquidenum,
Solanum paucissectum, and Solanum piurae), Series Megis-
tracroloba (Solanum sogarandinum), and Series Tuberosa (S.
cajamarquense) for further testing. They evaluated 40 geno-

Core Ideas
∙ This study sought to incorporate potentially novel

late blight (LB) resistance from underutilized wild
relatives into tetraploid potato.

∙ Promising 4x hybrids from distant wild relatives
exhibit low glycoalkaloid content and favorable
agronomic traits.

∙ Overcoming interspecific barriers for novel late
blight resistance alleles in potatoes was discussed.

types from up to three accessions of each species for LB
resistance in two endemic field locations in Peru. Villamon
et al. (2005) described the presence of Rpi genes in two
accessions of S. paucissectum (CIP762124 and CIP762126).
Concurrently, CIP’s LB resistance assessments of accessions
of S. chiquidenum (CIP761870 and CIP762573) and S. piurae
(CIP761868) indicated the presence of major Rpi genes. Con-
versely, three accessions of S. cajamarquense (CIP762616,
CIP762619, and CIP762620) showed a wide range of resis-
tant genotypes (Lindqvist-Kreuze et al., 2010; Pérez et al.,
2000). Ultimately, 56 accessions were chosen as the most LB
resistant to be included in further studies.

This paper presents the results of a systematic approach
for incorporating potentially novel LB resistance from under-
utilized PWR into tetraploid potato. Our study describes
the rescue pollination, sexual polyploidization, resistance,
and fertility assessment applied to develop pre-bred stocks
carrying LB resistance from distant wild relatives.

2 MATERIALS AND METHODS

2.1 Generation of Solanum interspecific
hybrids

2.1.1 Diploid crosses

Pistillate parents were chosen based on good agronomic char-
acteristics and high nutritional content from a pool of 22
diploid landrace cultivars and bred stocks. Staminate parents
were selected from 57 diploid wild tuber-bearing accessions
belonging to Piurana, Tuberosa, and Megistracroloba Series,
with reported LB resistance (Pérez et al., 2000) were selected
as staminate parents. (Table S1). The wild species S. chiq-
uidenum, S. paucissectum, S. piurae, S. cajamarquense, and
S. sogarandinum will hereafter be referred to by the acronyms
chq, pcs, pur, cjm, and sgr, respectively.

The pistillate parents were emasculated, and their stig-
mas were pollinated with the wild parent pollen, also known
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ORDOÑEZ ET AL. 3Crop Science

as the pioneer pollen. Subsequently, they were pollinated
with a mentor pollinator (IvP101), which is also a haploid
inducer (HI), on the following day. This technique, referred
to as rescue pollination, involves double pollination with a
mentor pollen followed by embryo rescue. Previous studies
(Ramon & Hanneman, 2002; Singsit & Hanneman, 1990)
have described this approach.

2.1.2 Embryo rescue

This technique was performed as described by Ordoñez et al.
(2017). The hybrid progeny resulting from the interspecific
crossing were assigned the code “ER” to reference the embryo
rescue technique used in their development. Subsequently, all
ER hybrids that prospered in the screenhouse were assessed
for their resistance to LB, pollen viability, and unreduced
gamete production (see following sections) to identify the
most promising genotypes for crossing with tetraploid lines.

2.1.3 Interploidy crosses following
evaluation of late blight resistance, agronomic,
and reproductive features

Fourteen advanced 4x lines (referred to as Adv Clones hence-
forth) from CIP’s breeding program (Table S1) were selected
to participate in the interploidy (4x-2x) crosses with 14 2x ER
hybrids. These ER hybrids were chosen for their LB resis-
tance, high pollen viability, unreduced gamete production,
and good agronomic performance. The aim was to develop
tetraploid hybrids that incorporated LB resistance from dis-
tant wild relatives, with a view toward broadening the genetic
base, and thus the durability of the resistance. The resulting
progeny from these interploidy (4x-2x) crosses is hereafter
called “HER-hybrids” (Hybrids from crosses with ER).

The 2x-2x crosses to generate ER hybrids and the 4x-2x
crosses to generate HER hybrids were conducted in 2006–
2007 and 2012, respectively. All crosses were performed in
screenhouses located at CIP’s experimental station in the
Peruvian Andes (3216 masl [meters above sea level], latitude:
−12.01039˚, longitude:−75.22411˚), with an average temper-
ature of 19.5˚C during the day and 11.6˚C at night, and relative
humidity ranging from 56% to 87%. The numbers of pollina-
tions carried out for each hybridization experiment and the
resulting number of flowers, fruits, embryos, and seeds were
recorded.

2.2 Ploidy estimation, cytological,
molecular and morphological characterization

Screenhouse-grown plants of ER and HER genotypes were
subjected to ploidy and pollen viability evaluation. Ploidy

of all ER genotypes was estimated by chloroplast count-
ing at the stomatal level as described by Ordoñez et al.
(2017). Pollen viability and frequency of unreduced pollen
were assessed by acetocarmine glycerol-jelly staining as
described by Ordoñez et al. (2017). Quispe (2011) pro-
vided a comprehensive morpho-agronomic characterization
and hybridity test on a subset of 165 ER genotypes, which
were selected for their moderate to high resistance to LB.
Briefly, the diploid parents and ER progeny were evaluated
with 12 microsatellite markers (SSR) from the reference set
described by Ghislain et al. (2004). Two of these mark-
ers were found to be polymorphic between cultivated and
wild parents and provided informative data on the hybridity
of the respective progeny. Furthermore, the same subset of
parental and ER genotypes underwent morphological charac-
terization using 27 descriptors based on Gomez (2006), and
their ploidy was confirmed via flow cytometry as detailed by
Ordoñez et al. (2017).

2.3 Late blight resistance assessments of
ER and HER hybrids

The LB resistance levels of parents, hybrids, and controls,
which were screenhouse-adapted plants from in vitro culture,
were carried out in highland tropical environments during
rainy seasons under endemic P. infestans infection. The field
assessments were conducted only on well-established plants.
Weather conditions during the field assessments are recorded
in Table S2. Protection against LB with a contact fungi-
cide was suspended 42–45 days after transplanting. Weekly
recordings were taken of the percentage leaf area with LB
symptoms of each plot until the susceptible control reached
100% of infection. Controls used were: CIP701209 (cv. Chata
Blanca) as highly susceptible (HS); CIP720064 (cv. Yungay)
as susceptible, and CIP387164.4 (LBr-40) as highly resis-
tant (HR). The relative area under the disease progress curve
(rAUDPC) was calculated using the method described by
Forbes et al. (2014) and Yuen and Forbes (2009).

The ER hybrids were evaluated at two trial sites in
Peru: Oxapampa (1810 masl, −10.57745˚, −75.4043˚) and
Monobamba (1489 masl, −11.35683˚, −75.32391˚) in 2007
and 2008, respectively. Both field trials followed a random-
ized block design with three replications and experimental
units of four hill-plots. The HER hybrids were initially eval-
uated in Monobamba during 2012 using an alpha design
with two replications of five-hill plots. Later, the HER
hybrids that showed moderate to high resistance to LB
were evaluated at both Monobamba and Oxapampa trial
sites in 2014 using an alpha design with three replications
of five-hill plots for each site. Furthermore, both the ER
and HER hybrids were grouped based on their wild parent
origin.
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4 ORDOÑEZ ET AL.Crop Science

2.4 Agronomic assessments of HER hybrids

The agronomic attributes of 355 HER hybrids, which were
selected based on their LB-resistant levels ranging from mod-
erately resistant (MR) to HR, were evaluated at the CIP
experimental station in La Molina (244 masl, −12.076289˚,
−76.948417˚) during winter 2013. The trial was conducted
using an alpha lattice design with two replications of five-hill
plots. The HER tubers were harvested in 120 days. Agronomic
variables were recorded based on CIP’s procedures for stan-
dard evaluation of advanced potato clones (De Haan et al.,
2014). These variables were as follows: total tuber number
per plant, tuber weight (kg) and yield (kg/plant), and number
and length of stolons.

Furthermore, glycoalkaloid content assessment was con-
ducted on a subset of 17 HER hybrids. Ten peeled and
unpeeled tubers of medium and uniform size were sampled
from each HER hybrid and replication. The samples were
freeze-dried, milled, and stored at −80˚C for analysis, as
described by Hellenäs (1986). The percentage of dry matter
was also estimated as described by Paget et al. (2014).

A schematic diagram illustrating the workflow of this study
is shown in Figure 1.

2.5 Statistical analysis

The data analysis was performed using R Studio software,
version 4.2.3 (R Core Team, 2022). To evaluate the impact
of double pollination with IvP101 on rescue pollination, non-
parametric test, including Kruskal–Wallis rank sum test, and
the chi-square test, were employed as appropriate.

To analyze LB resistance of the hybrids, both ER and HER,
a combined analysis approach was used. The analysis was per-
formed as follows: first, the hybrids were grouped based on
their wild parent of origin. Then, a linear mixed model was
fitted using the ASReml-R package, which considered data
where both the hybrids (either ER or HER) and their par-
ents were evaluated in two different environments (e.g., ER
hybrids assessed in Oxapampa and Monobamba, in 2007 and
2008, respectively, and HER hybrids assessed in Monobamba
and Oxapampa in 2014).

The linear mixed model accounted for fixed effects for envi-
ronment, experiment, the interaction between environment
and experiment, and replications in each experiment, as well
as random effects for the genotypes (hybrids and parents) and
their interactions with the environments.

The model was able to estimate the LB resistance values
for both the hybrids and parents using the best linear unbiased
predictions (BLUPs). These values will be referred to as the
BLUPs-predicted rAUDPC.

For the purposes of downstream analysis and visualiza-
tion, progenies were grouped in five categories based on the

BLUPs-predicted rAUDPC values as follows: HR, resistant,
MR, moderately susceptible, and HS.

3 RESULTS

3.1 Assessment of interspecific
reproductive barriers

To facilitate access to the underutilized accessions described
in this study, the development of pollen tubes in the polli-
nated style in crosses between diploid landrace cultivars and
bred stocks with wild species from Series Piurana, Megis-
tracroloba, and Tuberosa was examined. Arrested pollen
tubes were observed and only few reached the ovules, which
restricted fruit formation (Figure 2). The overall degree of
interspecific barriers in these crosses was measured using the
matrix of pollen tube length and amount described in Trog-
nitz (1991). The presence of both pre- and postzygotic barriers
in these crosses was suggested by our observations (data not
shown). Hence, rescue pollination was chosen as a means to
overcome both types of reproductive barriers in these crosses.

3.2 Diploid interspecific crosses and rescue
pollination

Among the 6514 flowers of diploid cultivated potato pol-
linated with pollen from selected wild species, a total of
2780 fruits were obtained. Of these, 857 fruits resulted from
crosses without the mentor pollen, IvP101, while crosses
using IvP101 yielded 1923 fruits. The difference in rates
between the two groups is statistically significant (chi-square
test p-value: 6.820e-91), emphasizing the positive impact of
the double pollination with IvP101 on fruit formation.

Out of these fruits, 3060 embryos were rescued and cul-
tured under in vitro conditions (Table 1). Embryo formation
showed variation based on cross type, classified by the wild
species used and the employment of double pollination with
IvP101. Cultured embryos comprised 25% globular, 37%
heart-shaped, and 38% torpedo-shaped (data not shown). The
success rate of developing viable plants from the rescued
embryos differed based on the embryo stage, with heart- and
torpedo-shaped embryos demonstrating higher efficiency
compared to the globular stage.

Furthermore, the impact of double pollination with IvP101,
as the mentor pollen, on embryo recovery was examined. The
Kruskal–Wallis rank sum test revealed no significant differ-
ence in the number of rescued embryos among the different
cross combinations with and without IvP101 (H = 0.0109,
df = 1, p = 0.9168). However, it was observed that the per-
centage of ER hybrids surviving was lower in the crosses
that used IvP101. For instance, the percentage of hybrids that
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ORDOÑEZ ET AL. 5Crop Science

F I G U R E 1 Outline of the pre-breeding workflow process used in this study, from wild relatives to the development of late blight-resistant

pre-bred stocks. ER, embryo rescue; HER, hybrids from crosses with ER.

T A B L E 1 Summary of the rescue pollination of hybrids between diploid landrace cultivars and wild tuber bearing relatives (2x × 2x) from

Piurana, Tuberosa, and Megistracroloba Series.

Cross combinationa No. of flowers pollinated No. of fruits No. of embryos rescued Surviving ER plantlets (%)
Tbr clones × chq 831 245 666 34

Tbr clones × chq + IvP101 684 399 916 27

Tbr clones × pcs 507 96 117 9

Tbr clones × pcs + IvP101 385 235 97 3

Tbr clones × pur 661 144 106 34

Tbr clones × pur + IvP101 617 398 208 13

Tbr clones × cjm 1422 370 500 23

Tbr clones × cjm + IvP101 1388 884 442 5

Tbr clones × sgr 12 2 8 100

Tbr clones × sgr + IvP101 7 7 0 0

Total 6514 2780 3060 23

Abbreviation: ER, embryo rescue.
aTbr refers to the group of pistillate parents, which includes diploid landrace cultivars and bred stocks.
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6 ORDOÑEZ ET AL.Crop Science

F I G U R E 2 Examples of pollen–pistil relationships in crosses

between diploid cultivated lines and wild relatives from Series Piurana.

(a) Arrested pollen tubes at the stigma (CIP703280 × 762126.217), and

(b) pollen tubes reaching ovules (CIP703280 × 762126.217 + IvP101).

The white arrows indicate the site of arrest of the pollen tubes.

survived from the crosses with and without IvP101 was 27%
and 34% for chq, 5% and 23% for cjm; 3% and 9% for pcs;
13% and 34% for pur; and 0% and 100% for sgr (Table 1).

The majority of in vitro plantlets derived from the cultured
embryos exhibited normal development of roots and shoots.
However, some seedlings showed good development of the
root system but failed to develop apical shoots (Figure 3d).
Despite being able to grow in the culture medium, the
abnormal embryos exhibited slower growth compared to the
average embryos (Figure 3e). These embryos were ultimately
unable to develop into viable plants and eventually died. The
rate of surviving ER plantlets accounted for 23% (i.e., 699 ER
plantlets) of the total embryos rescued (Table 1).

3.3 Ploidy, cytological characterization,
and hybridity assessment of ER hybrids

All 699 ER hybrids were classified as diploids by chloroplast
counting (data not shown). Diploidy was further confirmed
in a subset of 165 ER hybrids via flow cytometry by Quispe
(2011). The wild parents exhibited high pollen viability, with
an average viability of 80%. Out of the 699 ER hybrids, only
148 produced enough pollen for the viability assay. Fifteen
of these ER hybrids showed unviable pollen or sterile pollen.
Additionally, 32 presented flower bud abortion. The pollen
viability of the ER hybrids that produced and retained flowers

ranged from 40% to 94% (average = 73.3%). The frequency
of unreduced pollen among the ER hybrids varied from 0% to
4%. Quispe (2011) characterized 165 hybrids out of the 699
ER hybrids using two polymorphic SSR markers, confirming
124 as hybrids from the corresponding cross combinations.

3.4 Late blight resistance of ER hybrids

To select the most promising genotypes for subsequent cross-
ing, ER hybrids and their wild parents were evaluated for
LB resistance under endemic field conditions in Oxapampa
and Monobamba in 2007 and 2008, respectively (Figure 4).
This assessment involved 546 ER hybrids that exhibited good
growth development and 56 wild species parents. To ensure
a representative sample, 385 ER genotypes with moderate to
high LB resistant levels in both locations were selected. The
controls maintained their known level of LB resistance in both
locations.

Out of the 385 selected ER genotypes, the most promising
candidates were identified as 304 hybrids from chq, 47 from
cjm, 25 from pur, eight from pcs, and one from sgr. Among
them, 14 LB-resistant ER hybrids were chosen as the best
candidates for use in the interploidy (4x-2x) crosses as stami-
nate parents based on their high unreduced pollen frequency
(Table S1). The hybridity of the 14 ER hybrids was confirmed
through cross-checking with the hybridity results reported by
Quispe (2011). Of these 14 ER hybrids, 10 were hybrids from
chq, two from pcs, one from sgr, and one from cjm.

3.5 Success rate in unilateral sexual
polyploidization

Out of the 196 possible interploidy cross combinations (14
4x breeding lines and varieties, referred to as Adv Clones,
crossed with 14 ER hybrids), a total of 64 successful cross
combinations—referred to as families, were obtained. In some
cases, few combinations were generated due to asynchrony in
flowering, this was the case in crosses using the Hyb sgr. The
fruit-setting rate in the interploidy crosses varied depending
on the cross combination, ranging from 13.7% to 61.1%. The
fruit-setting rate was higher in crosses between Adv Clones
and Hyb pcs (61.1). But this was due to the few pollinations
performed using this hybrid (Table 2). Each cross combina-
tion has a range of 1 and 151 seeds each. In total, there were
1978 seeds.

3.6 Late blight resistance of HER hybrids

The first field assessment for LB resistance in Monobamba
2012 revealed significant differences among the HER hybrids
(Figure 5). While most of the ER parents of the HER
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F I G U R E 3 (a) Torpedo-shaped embryo, (b) torpedo-shaped embryo with a purple spot marker, (c) embryo-spot marker derived from IvP101

(HI) is visible at seed stage, (d) plantlet without shoot apical meristem, and (e) plantlet after 1 month of in vitro culture. HI, haploid inducer.

T A B L E 2 Crossability behavior in the interploidy crosses (4x-2x).

Successful cross
combinations

Cross combinationa
No. of pollinated
flowers No. Mean (%)b Seed/fruitsc

Range of individuals generated
per combination

Adv Clones (12) × Hyb chq (10) 764 35 23.9 ± 0.5 4.9 ± 3.9 1–136

Adv Clones (9) × Hyb pcs (2) 190 11 13.7 ± 0.2 7.4 ± 1.4 1–48

Adv Clones (14) × Hyb cjm (1) 354 14 59.9 ± 0.3 4.1 ± 13.5 5–151

Adv Clones (4) × Hyb sgr (1) 36 4 61.1 ± 0.1 0.6 ± 1.9 1–5

Abbreviation: Adv Clones, advanced 4x lines.
aCross combinations are indicated as pistillate × staminate. The number of genotypes involved in the cross given in parenthesis.
bMean of the berry-setting rates (percent fruit/flowers) over all cross combinations with standard deviation. .
cMean among successful cross combinations with standard deviation. .

maintained their expected resistance, ranging from resistant
to HR, ER parent cjm (CIP506108.2) exhibited an MR level,
which was lower than the resistance observed in previous
assessments. This discrepancy may be attributed to the lim-
ited number of replications (n = 2) in this specific field trial.
In contrast, the 4x parents displayed diverse levels of LB
resistance.

In Figure 5, the distribution of BLUPs-predicted rAUDPC
values indicates the segregation of two types of resistance
in the HER progenies: complete resistance and quantitative
resistance. If the resistance had been caused by a dominant
Rpi gene in the ER parent, it would have been expected that

the entire 4x progeny would have inherited the resistance phe-
notype. Therefore, since the resistance phenotype ranges from
complete resistance to susceptibility, it is possible that the
resistance provided by the ER parent is quantitative. Addi-
tionally, it is possible that the tetraploid pistillate parents may
have contributed to the resistance in the HER hybrids.

Out of the total of 717 promising HER hybrids, ranging
from resistant to HR, 355 were selected for further assess-
ments, including evaluations of fertility, ploidy, agronomic
characteristics, and LB resistance.

Consequently, additional assessments of field resistance
were conducted to confirm their resistance. Specifically,
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8 ORDOÑEZ ET AL.Crop Science

F I G U R E 4 BLUPs-predicted rAUDPC distribution of ER hybrids and their wild parents grouped based on late blight resistance in two

locations, Oxapampa and Monobamba, 2007 and 2008 respectively. Solid lines correspond to controls based on their resistance. The x-axis

represents the contribution of the wild parent. Among the total number of ER hybrids tested, seven individuals were highly resistant (HR), 337 were

resistant (R), 41 were moderately resistant (MR), 41 were moderately susceptible (MS), and 120 were highly susceptible (HS). BLUPs, best linear

unbiased predictions; ER, embryo rescuer; AUDPC, relative area under disease progress curve.

during the rainy season in 2014, 270 HER hybrids under-
went a second season of field exposure in Monobamba, while
154 underwent the same in Oxapampa. The resistance trend
observed in these trials was similar to the results obtained
in the initial assessment (Figure 6). In both 2014 LB resis-
tance evaluations, the ER parent cjm (CIP506108.2) displayed
a higher level of resistance than in 2012. This result sup-
ports the resistance assigned for this ER hybrid in the previous
assessments. As expected, the mean rAUPDC of the 2x wild
parents was lower than of the 4x parents. Two hundred four-
teen HER hybrids with moderate to highly LB resistant levels
were selected for further evaluations. Of these 214, 113 were
HER hybrids derived from chq, 69 from cjm, 25 from pcs, and
seven from sgr.

3.7 Ploidy, cytological, agronomic, and
quality characteristics of HER hybrids

Ploidy estimation of the selected LB resistant HER hybrids
by chloroplast counting revealed that all cross combinations
except Adv Clones × Hyb sgr yielded progeny comprising 3x

and 4x individuals. Adv Clones × Hyb sgr, on the other hand,
only produced 4x individuals. Out of the 355 HER hybrids
examined, 326 were tetraploids, while 29 were triploids.

Among the HER hybrids, a range of flower development
and retention patterns was observed, with 46 plants displaying
bud abortion or floral abscission. Of the 311 clones blossom-
ing (data not shown), 168 showed moderate to high pollen via-
bility based on the scale described by Ordonez et al. (2017).

Agronomic evaluation performed on selected HER hybrids,
which were moderate to HR, revealed that those derived
from cjm significantly out-yielded their tetraploid parents.
For instance, the average yield for these HER hybrids was
0.9 kg per plant, compared to 0.8 kg per plant for the 4x par-
ents (Table 3). The 4x parents of the HER hybrids are elite
clones from the CIP potato breeding program. These elite
clones are adapted to the highland tropics environment and
have the maturity around 90–100 days. In the target environ-
ments they are as early as the local regular cultivars. HER
hybrids derived from chq, pcs, and sgr followed closely with
an average yield of 0.7 kg per plant. Furthermore, the vari-
able number and length of stolons documented in the HER
hybrids could be attributed to the contribution of their wild
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ORDOÑEZ ET AL. 9Crop Science

F I G U R E 5 BLUPs-predicted rAUDPC distribution of HER hybrids and their wild parents grouped based on late blight resistance in

Monobamba (2012). Solid lines correspond to controls based on their resistance. The x-axis represents the contribution of the wild parent. Among

the total number of HER hybrid tested, four individuals were highly resistant (HR), 215 were resistant (R), 498 moderately resistant (MR), 206 were

moderately susceptible (MS), and 156 were highly susceptible (HS). BLUPs, best linear unbiased predictions; HER, hybrids from crosses with ER;

rAUDPC, relative area under disease progress curve.

T A B L E 3 Mean values of yield and number and length of stolons of the HER hybrids and their 4x parents.

Parents/cross combination No hybrids tested Yield (kg/plant) Number of stolonsa Length of stolons (cm)a

Adv Clones (4x Parents) 14 0.8 ± 0.3b 1.3 ± 0.6c 1.5 ± 0.8c

Adv Clones × Hyb chq 232 0.7 ± 0.3b 4.0 ± 1.9a 4.0 ± 1.8a

Adv Clones × Hyb pcs 55 0.7 ± 0.3b 3.4 ± 1.5a 3.6 ± 1.4a

Adv Clones × Hyb cjm 60 0.9 ± 0.3a 2.5 ± 0.9b 2.0 ± 1.2b

Adv Clones × Hyb sgr 8 0.7 ± 0.2b 2.1 ± 1.4b 2.0 ± 1.4b

Abbreviation: HER, hybrids from crosses with embryo rescue.
aValues within a column with differing lowercase letters are significantly different at p ≤ 0.05.

ancestors. Specifically, HER hybrids derived from chq and
pcs had a higher mean value of both, number and length of
stolons (average = 4.0 and 4.0; 3.4 and 3.6, respectively) com-
pared to those derived from cjm and sgr (average = 2.5 and
2.0; 2.1 and 2.0, respectively).

Twenty-eight HER hybrids were selected based on a
combination of their levels of LB resistance, yield, and
pollen viability. Selected genotypes were further assessed
for dry matter and glycoalkaloid contents. Out of these,
17 showed dry matter contents ranging from 18% to 27%,
and glycoalkaloid contents less than 19 mg 100 g−1 fresh

weight (FW), with hybrids from cjm showing the lowest
glycoalkaloid contents (Table 4). Remarkably, among these,
there were 12 hybrids with levels below 6–7 mg 100 g−1

FW that can be suggested for breeding purposes (Table
S3). High glycoalkaloid content is a characteristic of many
wild potato species, and varieties with >20 mg 100 g−1

FW in tubers are considered unacceptable for human con-
sumption (Friedman et al., 1997). Additionally, within the
tubers, samples with the peel showed a higher concentra-
tion of glycoalkaloids compared to samples without the peel
(Table 4).
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10 ORDOÑEZ ET AL.Crop Science

F I G U R E 6 BLUPs-predicted rAUDPC distribution of HER hybrids and their wild parents grouped based on late blight resistance in

Monobamba and Oxapampa in 2014. Solid lines correspond to controls based on their resistance. The x-axis represents the contribution of the wild

parent. Among the total number of HER hybrid tested, 12 individuals were highly resistant (HR), 147 were resistant (R), 55 were moderately

resistant (MR), 40 were moderately susceptible (MS), and nine were highly susceptible (HS). BLUPs, best linear unbiased predictions; HER, hybrids

from crosses with ER; rAUDPC, relative area under disease progress curve.

T A B L E 4 Glycoalkaloid levels and dry matter percentage in a subset of 17 HER hybrids grown under field conditions in La Molina in 2013.

Total glycoalkaloids in tubers (mg 100 g−1 fresh weight)

Cross combination
No. of hybrids
tested

Dry matter
range (%) With peel Without peel

AdvClones × Hyb chq 4 18.4 – 24.0 5.2 – 18.8 2.3 – 7.4

AdvClones × Hyb cjm 9 21.6 – 27.1 2.3 – 12.1 1.4 – 8.9

AdvClones × Hyb pcs 4 21.2 – 24.7 18.8 – 51.2 4.1 – 35.1

Abbreviation: Adv Clones, advanced 4x lines.

4 DISCUSSION

In this study, we described the roadmap followed by the CIP
prebreeding program to generate new and valuable potato
stocks by incorporating LB resistance from underutilized
PWR into advanced tetraploid backgrounds. Based on ploidy,
fertility, LB resistance, desirable tuber characteristics, and
low glycoalkaloid content, these well-documented genotypes
can be recommended as pre-bred stocks to continue the
potato breeding process. In fact, eight of the most promis-
ing HER selections were evaluated with the participation of

Andean farmers to provide breeders with additional informa-
tion on characteristics required for adoption and consumption.
As a result, two HER selections have been suggested for
direct use as improved potato varieties under tropical high-
land conditions of Peru (Scurrah et al., 2019). Notably, one of
these selections has recently been released as a LB-resistance
variety named “CIP-Matilde” (CIP, in preparation).

Rescue pollination has been previously employed to trans-
fer favorable alleles from PWR that cannot be directly crossed
with cultivated potatoes. HIs, such as phu1.22, IvP35, or
IvP101, are commonly used as mentor pollens due to their
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ORDOÑEZ ET AL. 11Crop Science

homozygous purple marker (Hermsen & Verdenius, 1973),
which makes it easier to sort out embryos without or with the
genetic contribution of the mentor pollinator. Rescue pollina-
tion is particularly important when the aim is to circumvent
restricting barriers, such as the EBN. While previous stud-
ies (Ramon & Hanneman, 2002; Singsit & Hanneman, 1991;
Watanabe et al., 1995) highlighted mentor pollen’s role in
preventing premature fruit drop and promoting hybrid seed
formation, the impact of double pollination on embryo sur-
vival and fruit formation remains debated (Yermishin et al.,
2014). In our study, double pollination with IvP101 increased
fruit formation, but had no effect on the number of rescued
embryos or surviving plantlets. Despite this, we obtained
699 rare sexual hybrid combinations through rescue polli-
nation. Additionally, our findings support the relationship
between embryo stage and successful development, as shown
by Singsit and Hanneman (1990). Advanced embryos (heart-
and torpedo- shaped) have higher rescue success and plant for-
mation rates compared to globular embryos (Lester & Kang,
1998).

The identification and characterization of ER sexual
hybrids began at the embryo stage by only culturing embryos
without the HI spot marker. During the culture, we docu-
mented the presence of hybrids between 2x and the HI IvP101,
these displaying embryo spots (Figure 3c). We did not iden-
tify either parthenogenotes or tetraploid plants, as cautioned
by Watanabe et al. (1995). We did observe plantlets lacking
the apical meristem, however, their embryos had normal mor-
phology. At the plant stage, examination of pollen revealed
that blooming ER hybrids have moderate fertility, with some
displaying low pollen shed. However, a significant number of
them failed to flower. Camadro et al. (2004) reported that male
sterility in F1 hybrids is a critical post-zygotic barrier that
hinders further hybridization processes. This sterility could
be caused by deleterious interactions, or abnormal meiotic
products from new chromosomal rearrangements (Jackson
& Hanneman, 1999; Yoon et al., 2006). The ER hybrids
reported here are unique, not only because of their recovery
rate, but also some of them also inherited desirable traits, such
as the tuber appeal (e.g., high dry matter) of the cultivated 2x
potatoes and the LB resistance from the wild species. These
traits, along with their unreduced pollen production make
them promising materials for use in a diploid inbred-based
hybrid breeding strategy aimed for pyramiding LB resistance
genes.

We observed significant variation in berry set in the
interploidy (4x-2x) crosses. Among the five wild relatives
studied, ER hybrids derived from chq had the highest suc-
cess rate in crosses with 4x lines but resulted in very low
seed set per fruit. Our results suggest that species-specific
compatibility may play a critical role in limiting the trans-
fer of novel resistant alleles from the ER selection stocks.
While this species-specific compatibility hampered the gen-

eration of more hybrids derived from pcs, the opposite
occurred with chq, resulting in more hybrids being obtained
from this species, even though both belong to the same
series, Piurana.

Unlike the ER progeny, which all turned out to be diploids,
the HER hybrids encompassed a substantial number of
tetraploid hybrids in addition to triploid hybrids. Even though
this reflected the ploidy of only a subset of 355 LB resis-
tant HER hybrids selected after the first field assessment. Our
findings differ from Graebner et al. (2022), who reported a
higher frequency of triploid clones than tetraploid ones in
interploidy (4x-2x) crosses. This confirms that the ER hybrids
have a higher frequency of functioning unreduced pollen.
As a result, we were able to select several high-yielding 4x
hybrid genotypes within hybrid families from a wide range
of interploidy crosses. Several studies have pointed out that
clones arising from interploidy (4x-2x) crosses exhibit a het-
erotic advantage, often exceeding the yield of 4x cultivars.
The positive effect of sexual tetraploidization on yield seems
to be accompanied by a decrease in fertility, but this effect
is linked to the maternal cytoplasm type (Hanneman & Pelo-
quin, 1981). For instance, Buso et al. (1999) observed strongly
heterotic responses in a tetraploid progeny derived from inter-
ploidy (4x-2x) crosses, which were attributed to the first
meiotic division restitution. Moreover, sexual polyploidiza-
tion through unreduced gametes is known to maintain and
transmit parental heterozygosity and epistasis, which is bene-
ficial in maximizing heterosis for yield (De Jong et al., 1981;
Gopal, 2014).

The introduction of novel Rpi genes through conventional
or genetic engineering-based breeding methods is essential
for improving and maintaining durable resistance to potato
LB in new cultivars. The diversity of resistance genes of
PWRs, such as those endemics to LB-prone areas, high-
light the importance of mining novel genes through their
use. For instance, Rogozina et al. (2021) demonstrated that
hybrids combining germplasm of more than three PWR were
HR to P. infestans, suggesting that stacking Rpi genes can
help achieve nonspecific LB resistance in potato cultivars.
In a different approach, Keijzer et al. (2022) made some
PWR (e.g., Solanum circaeifolium var. capsibaccatum, S.
chacoense and S. venturii) available for breeding of LB resis-
tant varieties by repeated backcrosses to 4x varieties and
further selections within the Bioimpuls project scope. The
11-year-old project reported by Keijzer et al. (2022) rep-
resents a significant effort to develop LB-resistant potato
varieties through conventional breeding methods, with the
use of PWR playing a crucial role in achieving their goal.
Similarly, in our two-stage study, which was conducted at
the diploid and tetraploid levels for ER and HER hybrids,
respectively, we identified hybrids with high levels of LB
resistance. However, additional research is required to con-
firm the novelty of their resistance. Our findings indicate that
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12 ORDOÑEZ ET AL.Crop Science

the LB resistance of the HER hybrids was also contributed
by the 4x elite parents and was phenotypically indistinguish-
able from the resistance originating from the wild source.
Further research is needed to identify the genomic region(s)
responsible for the resistance in the HER hybrids. The R gene
enrichment and sequencing (Jupe et al., 2013) and differen-
tial inoculation with P. infestans testers would be valuable
to confirm their novelty with respect to resistance sources
commonly available or already present in advanced popula-
tions. For instance, the resistance in one of the sources, S.
paucissectum, has been mapped to chromosome 11 in potato
(Villamon et al., 2005).

Though encouraging, the results of using unadapted
germplasm also led to carry over of undesirable traits of the
PWR, such as poor tuber appeal, numerous long stolons, or
high glycoalkaloid contents of some hybrids, which remain to
be addressed in further intercrossing or backcrossing to addi-
tional agronomically adapted lines and varieties. Nonetheless,
as pointed out by Jansky et al. (2021) breeding approaches that
apply excessively strong selection pressure against undesir-
able agronomic traits can eliminate wild germplasm in early
stages of selection. This was also stressed by Andino et al.
(2022) in their study of introgressing bacterial wilt resistance
from the PWR, Solanum commersonii. Therefore, we have
maintained several progenies of each HER hybrid type and
recommend intercrossing along with molecular tagging to
maximize the likelihood of broadening the base of the resis-
tance in future breeding with them. Our results argued with
traditional concepts that wild species are best for incorporat-
ing specific traits such as disease resistance, for which they
have been screened, as they can also be considered as con-
tributors to yield and tuber quality traits. The value of exotic
germplasm for improving traits not evident from their pheno-
type and strategies for their use were highlighted by Tanksley
and McCouch (1997).

Two major achievements emerged from this research: the
establishment and characterization of promising sexual (ER)
hybrids from underutilized and endemic PWRs, and the selec-
tion of promising 4x hybrids (HER) hybrids combining useful
agronomic and resistance traits. Although genetic data are
limited and we cannot demonstrate the presence of wild rel-
atives’ genomes in the HER hybrids, we have confidence in
their containing novel diversity and likely novel sources of
LB resistance due to our low selection pressure and the per-
sistence of some wild species traits, such as long stolons. The
selected HER hybrids and their pedigree parents are currently
undergoing multiplication to enable thorough characteriza-
tion of their LB resistance type and spectrum. The ER and
HER hybrids are crossing-friendly stocks that can be used in
breeding strategies and the new diploid inbred-based hybrid
breeding approach, thus reducing the time for developing
new varieties and maximizing the use of genetic variability
available in the PWRs.

5 CONCLUDING REMARKS

Our interdisciplinary approach to establishing and charac-
terizing sexual hybrids is the first step toward efficiently
transferring LB resistance from a new group of underutilized
wild distant species to the cultivated potato. We devel-
oped new 4x sources of LB resistance by first introgressing
resistance from distant wild relatives into 2x cultivated S.
tuberosum through rescue pollination, and then transferring
the resistance to adv clones via polyploidization using unre-
duced gametes. These LB-resistant tetraploid hybrids exhibit
promising agronomic and quality attributes, with the hybrids
from S. cajamarquense particularly standing out among the
sets of HER genotypes generated.
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apply. Interested parties can request these hybrids from CIP
Lima, Peru, by emailing CIP-Germplasm@cgiar.org. The
remaining six HER hybrids, as well as the ER hybrids and
wild accessions, are still undergoing further evaluation and
will be made available for distribution at a later date.

O R C I D
Benny Ordoñez https://orcid.org/0000-0003-4554-4354
Hannele Lindqvist-Kreuze https://orcid.org/0000-0002-
6523-8824
Merideth Bonierbale https://orcid.org/0000-0002-5157-
187X

R E F E R E N C E S
Andino, M., Gaiero, P., González-Barrios, P., Galván, G., Vilaró, F., &

Speranza, P. (2022). Potato introgressive hybridisation breeding for
bacterial wilt resistance using Solanum commersonii Dun. as donor:
Genetic and agronomic characterisation of a backcross 3 progeny.
Potato Research, 65(1), 119–136. https://doi.org/10.1007/s11540-
021-09512-1

Blossei, J., Uptmoor, R., Thieme, R., Nachtigall, M., & Hammann, T.
(2021). Insights into the genetic basis of the pre-breeding potato
clones developed at the Julius Kühn Institute for high and durable
late blight resistance. Plant Genetic Resources: Characterization and
Utilization, 19(5), 461–464.

Bradshaw, J. E., & Ramsay, G. (2009). Potato origin and production. In J.
Singh, & L. Kaur (Eds.), Advances in potato chemistry and technology
(pp. 1–26). Academic Press.

Buso, J., Boiteux, L., & Peloquin, S. (1999). Multitrait selection sys-
tem using populations with a small number of interploid (4x–2x)
hybrid seedlings in potato: Degree of high–parent heterosis for yield
and frequency of clones combining quantitative agronomic traits.
Theoretical and Applied Genetics, 99, 81–91.

Camadro, E. L., Carputo, D., & Peloquin, S. J. (2004). Substitutes
for genome differentiation in tuber-bearing Solanum: Interspecific
pollen-pistil incompatibility, nuclear-cytoplasmic male sterility, and
endosperm. Theoretical and Applied Genetics, 109(7), 1369–1376.
https://doi.org/10.1007/s00122-004-1753-2

De Haan, S., Forbes, A., Amoros, W., Gastelo, M., Salas, E., Hualla, V.,
De Mendiburu, F., & Bonierbale, M. (2014). Procedures for standard
evaluation and data management of advanced potato clones. Mod-
ule 2: Healthy tuber yield trials. International Cooperators Guide.
International Potato Center.

de Jong, H., Tai, G. C. C., Russell, W. A., Johnston, G. R., & Proudfoot,
K. G. (1981). Yield potential and genotype-environment interac-
tions of tetraploid-diploid (4x-2x) potato hybrids. American Potato
Journal, 58(4), 191–199. https://doi.org/10.1007/BF02854419

Forbes, G., Perez, W., & Andrade Piedra, J. (2014). Field assess-
ment of resistance in potato to Phytophthora infestans: International
cooperators guide. International Potato Center.

Friedman, M., McDonald, G. M., & Filadelfi-Keszi, M. (1997). Potato
glycoalkaloids: Chemistry, analysis, safety, and plant physiology.
Critical Reviews in Plant Sciences, 16(1), 55–132. https://doi.org/10.
1080/07352689709701946

Ghislain, M., Byarugaba, A. A., Magembe, E., Njoroge, A., Rivera, C.,
Román, M. L., Tovar, J. C., Gamboa, S., Forbes, G. A., Kreuze, J. F.,
Barekye, A., & Kiggundu, A. (2019). Stacking three late blight resis-

tance genes from wild species directly into African highland potato
varieties confers complete field resistance to local blight races. Plant
Biotechnology Journal, 17(6), 1119–1129.

Ghislain, M., Spooner, D. M., Rodríguez, F., Villamón, F., Núñez, J.,
Vásquez, C., Waugh, R., & Bonierbale, M. (2004). Selection of highly
informative and user–friendly microsatellites (SSRs) for genotyping
of cultivated potato. Theoretical and Applied Genetics, 108(5), 881–
890.

Gomez (2006). Guía para las caracterizaciones morfológicas básicas
en colecciones de papas nativas. In R. Estrada, T. Medina, & A.
Roldan (Eds.), Manual para caracterización in situ de cultivos nativos
(pp. 26–50). Instituto Nacional de Investigación y Extensión Agraria
(INIEA).

Gopal, J. (2014). Heterosis breeding in potato. Agricultural Research,
3(3), 204–217. https://doi.org/10.1007/s40003-014-0120-z

Graebner, R. C., Haynes, K., Charlton, B. A., Yilma, S., & Sathuvalli, V.
(2022). Evaluation of yield and quality traits in Russet-Chipper and
4x-2x crosses in potato (Solanum tuberosum L.). American Journal of
Potato Research, 99(1), 48–57. https://doi.org/10.1007/s12230-021-
09858-9

Hanneman, R. E., & Peloquin, S. J. (1981). Genetic-cytoplasmic male
sterility in progeny of 4x-2x crosses in cultivated potatoes. The-
oretical and Applied Genetics, 59, 53–55. https://doi.org/10.1007/
BF00275777

Hellenäs, K.-E. (1986). A simplified procedure for quantification
of potato glycoalkaloids in tuber extracts by h.p.l.c.; comparison
with ELISA and a colorimetric method. Journal of the Science of
Food and Agriculture, 37(8), 776–782. https://doi.org/10.1002/jsfa.
2740370810

Hermsen, J. G. T., & Verdenius, J. (1973). Selection from Solanum
tuberosum group phureja of genotypes combining high-frequency
haploid induction with homozygosity for embryo-spot. Euphytica, 22,
244–259. https://doi.org/10.1007/BF00022632

Jackson, S. A., & Hanneman, R. E. (1999). Crossability between cul-
tivated and wild tuber-and non-tuber-bearing Solanums. Euphytica,
109(1), 51–67. https://doi.org/10.1023/A:1003710817938

Jansky, S. (2006). Overcoming hybridization barriers in potato. Plant
Breeding, 125(1), 1–12. https://doi.org/10.1111/j.1439-0523.2006.
01178.x

Jansky, S. H., de Jong, W. S., Douches, D. S., Haynes, K. G., & Holm, D.
G. (2021). Cultivar improvement with exotic germplasm: An example
from potato. In D. Carputo, R. Aversano, & M. R. Ercolano (Eds.) The
wild Solanums genomes. Compendium of plant genomes. Springer.

Jupe, F., Witek, K., Verweij, W., Sliwka, J., Pritchard, L., Etherington,
G. J., Maclean, D., Cock, P. J., Leggett, R. M., Bryan, G. J., Cardle,
L., Hein, I., & Jones, J. D. G. (2013). Resistance gene enrich-
ment sequencing (RenSeq) enables reannotation of the NB-LRR gene
family from sequenced plant genomes and rapid mapping of resis-
tance loci in segregating populations. The Plant Journal: For Cell
and Molecular Biology, 76(3), 530–544. https://doi.org/10.1111/tpj.
12307

Keijzer, P., van Bueren, E. T. L., Engelen, C. J. M., & Hutten, R. C. B.
(2022). Breeding late blight resistant potatoes for organic farming—
A collaborative model of participatory plant breeding: The bioimpuls
project. Potato Research, 65(2), 349–377. https://doi.org/10.1007/
s11540-021-09519-8

Lester, R. N., & Kang, J. H. (1998). Embryo and endosperm function
and failure in Solanum species and hybrids. Annals of Botany, 82(4),
445–453. https://doi.org/10.1006/anbo.1998.0695

 14350653, 0, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/csc2.21038 by C

ochraneItalia, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

mailto:CIP-Germplasm@cgiar.org
https://orcid.org/0000-0003-4554-4354
https://orcid.org/0000-0003-4554-4354
https://orcid.org/0000-0002-6523-8824
https://orcid.org/0000-0002-6523-8824
https://orcid.org/0000-0002-6523-8824
https://orcid.org/0000-0002-5157-187X
https://orcid.org/0000-0002-5157-187X
https://orcid.org/0000-0002-5157-187X
https://doi.org/10.1007/s11540-021-09512-1
https://doi.org/10.1007/s11540-021-09512-1
https://doi.org/10.1007/s00122-004-1753-2
https://doi.org/10.1007/BF02854419
https://doi.org/10.1080/07352689709701946
https://doi.org/10.1080/07352689709701946
https://doi.org/10.1007/s40003-014-0120-z
https://doi.org/10.1007/s12230-021-09858-9
https://doi.org/10.1007/s12230-021-09858-9
https://doi.org/10.1007/BF00275777
https://doi.org/10.1007/BF00275777
https://doi.org/10.1002/jsfa.2740370810
https://doi.org/10.1002/jsfa.2740370810
https://doi.org/10.1007/BF00022632
https://doi.org/10.1023/A:1003710817938
https://doi.org/10.1111/j.1439-0523.2006.01178.x
https://doi.org/10.1111/j.1439-0523.2006.01178.x
https://doi.org/10.1111/tpj.12307
https://doi.org/10.1111/tpj.12307
https://doi.org/10.1007/s11540-021-09519-8
https://doi.org/10.1007/s11540-021-09519-8
https://doi.org/10.1006/anbo.1998.0695


14 ORDOÑEZ ET AL.Crop Science

Lindqvist-Kreuze, H., Carbajulca, D., Gonzalez-Escobedo, G., Pérez,
W., & Bonierbale, M. (2010). Comparison of transcript profiles in late
blight-challenged Solanum cajamarquense and B3C1 potato clones.
Molecular Plant Pathology, 11(4), 513–530. https://doi.org/10.1111/
j.1364-3703.2010.00622.x

Ordoñez, B., Orrillo, M., & Bonierbale, M. (2017). Manual on potato
reproductive and cytological biology. International Potato Center
(CIP).

Paget, M., Amoros, W., Salas, E., Eyzaguirre, R., Alspach, P., Apiolaza,
L., Noble, A., & Bonierbale, M. (2014). Genetic evaluation of
micronutrient traits in diploid potato from a base population of
Andean landrace cultivars. Crop Science, 54(5), 1949–1959. https://
doi.org/10.2135/cropsci2013.12.0809

Paluchowska, P., Śliwka, J., & Yin, Z. (2022). Late blight resistance
genes in potato breeding. Planta, 255, 127. https://doi.org/10.1007/
s00425-022-03910-6

Pérez, W., Salas, A., Raymundo, R., Huaman, Z., Nelson, R., &
Bonierbale, M. (2000). Evaluation of wild potato species for resis-
tance to late blight. Scientist and farmer: Partners in research for the
21st century. Program report 1999–2000 (pp. 49–62.) CIP.

Quispe, V. L. (2011). Caracterización de híbridos interespecíficos de
papa diploide (Solanum tuberosum spp.) para su uso en cruzamientos
4x-2x. Universidad Nacional Agraria La Molina.

R Core Team. (2022). Core R: A language and environment for statistical
computing, version 4.2. 3. R Foundation for Statistical Computing.

Ramon, M., & Hanneman, R. E., Jr. (2002). Introgression of resistance to
late blight (Phytophthora infestans) from Solanum pinnatisectum into
S. tuberosum using embryo rescue and double pollination. Euphytica,
127, 421–435. https://doi.org/10.1023/A:1020342908558

Rogozina, E. V., Beketova, M. P., Muratova, O. A., Kuznetsova, M. A.,
& Khavkin, E. E. (2021). Stacking resistance genes in multiparental
interspecific potato hybrids to anticipate late blight outbreaks.
Agronomy, 11(1), 115. https://doi.org/10.3390/agronomy11010115

Scurrah, M., Ccanto, R., & Bonierbale, M. (2019). Participatory varietal
selection in the Andes: Farmer involvement in selecting potatoes with
traits from wild relatives. Farmers and plant breeding (pp. 107–118).
Routledge.

Singsit, C., & Hanneman, R. E., Jr. (1990). Isolation of viable inter-EBN
hybrids among potato species using double pollinations and embryo
culture. American Potato Journal, 67, 578.

Singsit, C., & Hanneman, R. E., Jr. (1991). Rescuing abortive inter-EBN
potato hybrids through double pollination and embryo culture. Plant
Cell Reports, 9(9), 475–478. https://doi.org/10.1007/BF00232099

Su, Y., Viquez-Zamora, M., den Uil, D., Sinnige, J., Kruyt, H., Vossen,
J., Lindhout, P., & van Heusden, S. (2020). Introgression of genes for
resistance against Phytophthora infestans in diploid potato. American
Journal of Potato Research, 97(1), 33–42. https://doi.org/10.1007/
s12230-019-09741-8

Tanksley, S. D., & McCouch, S. R. (1997). Seed banks and molec-
ular maps: Unlocking genetic potential from the wild. Science,
277(5329), 1063–1066. https://doi.org/10.1126/science.277.5329.
1063

Trognitz, B. R. (1991). Comparison of different pollen viability assays to
evaluate pollen fertility of potato dihaploids. Euphytica, 56(2), 143–
148. https://doi.org/10.1007/BF00042057

Villamon, F. G., Spooner, D. M., Orrillo, M., Mihovilovich, E., Pérez,
W., & Bonierbale, M. (2005). Late blight resistance linkages in a novel
cross of the wild potato species Solanum paucissectum (series Piu-
rana). Theoretical and Applied Genetics, 111(6), 1201–1214. https://
doi.org/10.1007/s00122-005-0053-9

Watanabe, K. N., Orrillo, M., Vega, S., Valkonen, J. P., Pehu, E.,
Hurtado, A., & Tanksley, S. D. (1995). Overcoming crossing bar-
riers between nontuber-bearing and tuber-bearing Solanum species:
Towards potato germplasm enhancement with a broad spectrum of
solanaceous genetic resources. Genome, 38(1), 27–35. https://doi.org/
10.1139/g95-004

Yermishin, A. P., Polyukhovich, Y. V., Voronkova, E. V., & Savchuk, A.
V. (2014). Production of hybrids between the 2EBN bridge species
Solanum verrucosum and 1EBN diploid potato species. American
Journal of Potato Research, 91(6), 610–617. https://doi.org/10.1007/
s12230-014-9385-9

Yoon, J. B., Yang, D. C., Do, J. W., & Park, H. G. (2006). Overcoming
two post-fertilization genetic barriers in interspecific hybridization
between Capsicum annuum and C. baccatum for introgression of
anthracnose resistance. Breeding Science, 56(1), 31–38. https://doi.
org/10.1270/jsbbs.56.31

Yuen, J. E., & Forbes, G. A. (2009). Estimating the level of sus-
ceptibility to Phytophthora infestans in potato genotypes. Phy-
topathology, 99(6), 782–786. https://doi.org/10.1094/PHYTO-99-6-
0782

S U P P O R T I N G I N F O R M AT I O N
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Ordoñez, B., Aponte, M.,
Lindqvist-Kreuze, H., & Bonierbale, M. (2023). A
case study of potato germplasm enhancement using
distant late blight resistant wild relatives. Crop
Science, 1–14. https://doi.org/10.1002/csc2.21038

 14350653, 0, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/csc2.21038 by C

ochraneItalia, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1364-3703.2010.00622.x
https://doi.org/10.1111/j.1364-3703.2010.00622.x
https://doi.org/10.2135/cropsci2013.12.0809
https://doi.org/10.2135/cropsci2013.12.0809
https://doi.org/10.1007/s00425-022-03910-6
https://doi.org/10.1007/s00425-022-03910-6
https://doi.org/10.1023/A:1020342908558
https://doi.org/10.3390/agronomy11010115
https://doi.org/10.1007/BF00232099
https://doi.org/10.1007/s12230-019-09741-8
https://doi.org/10.1007/s12230-019-09741-8
https://doi.org/10.1126/science.277.5329.1063
https://doi.org/10.1126/science.277.5329.1063
https://doi.org/10.1007/BF00042057
https://doi.org/10.1007/s00122-005-0053-9
https://doi.org/10.1007/s00122-005-0053-9
https://doi.org/10.1139/g95-004
https://doi.org/10.1139/g95-004
https://doi.org/10.1007/s12230-014-9385-9
https://doi.org/10.1007/s12230-014-9385-9
https://doi.org/10.1270/jsbbs.56.31
https://doi.org/10.1270/jsbbs.56.31
https://doi.org/10.1094/PHYTO-99-6-0782
https://doi.org/10.1094/PHYTO-99-6-0782
https://doi.org/10.1002/csc2.21038

	A case study of potato germplasm enhancement using distant late blight resistant wild relatives
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Generation of Solanum interspecific hybrids
	2.1.1 | Diploid crosses
	2.1.2 | Embryo rescue
	2.1.3 | Interploidy crosses following evaluation of late blight resistance, agronomic, and reproductive features

	2.2 | Ploidy estimation, cytological, molecular and morphological characterization
	2.3 | Late blight resistance assessments of ER and HER hybrids
	2.4 | Agronomic assessments of HER hybrids
	2.5 | Statistical analysis

	3 | RESULTS
	3.1 | Assessment of interspecific reproductive barriers
	3.2 | Diploid interspecific crosses and rescue pollination
	3.3 | Ploidy, cytological characterization, and hybridity assessment of ER hybrids
	3.4 | Late blight resistance of ER hybrids
	3.5 | Success rate in unilateral sexual polyploidization
	3.6 | Late blight resistance of HER hybrids
	3.7 | Ploidy, cytological, agronomic, and quality characteristics of HER hybrids

	4 | DISCUSSION
	5 | CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


