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A B S T R A C T   

Japanese plum is a very important temperate tree fruit, ranking in the second position among the stone fruits, 
after peaches. In this species, there are very few self-compatible varieties and a lack of resistance to sharka 
disease (plum pox virus, PPV). In this context, interspecific crosses between Japanese plums and self-compatible, 
sharka-resistant apricot (Prunus armeniaca L.) cultivars have been performed in recent years to obtain resistant 
and self-compatible plumcots. The plumcot provides a new fruit typology combining the horticultural and 
market characteristics of these two Prunus species. In this work, new interspecific plumcots have been obtained 
and characterized. An initial screening of more than 600 seedlings was carried out for interspecific hybrid 
verification using Simple Sequence Repeat (SSR) markers. In addition, floral compatibility by S-allele genotyping 
and phenotypic characterization and PPV resistance evaluations in controlled conditions were performed in the 
interspecific genotypes. The results show some interspecific hybrids with the desired characteristics of self- 
compatibility alleles and sharka tolerance together with new fruit typologies with an attractive skin and flesh 
color and different valued organoleptic characteristics.   

1. Introduction 

Plum species, including Japanese plum (Prunus salicina Lindl.) and 
European plum (Prunus domestica L.), are temperate tree fruits of para
mount importance. Plums are the second most important stone fruits 
after peaches [Prunus persica (L.) Batsch], with an average production of 
11.5 Mt (FAO, 2022). Japanese plum originated in China, where it was 
first cultivated for several thousand years and then introduced into 
Japan more than two thousand years ago (Yoshida, 1987; Faust and 
Surányi, 1998). In the late 19th century, it was introduced into Cali
fornia (USA) from Japan, where Luther Burbank started modern plum 
breeding by crossing it with other diploid plums such as P. americana 
Marshall, P. hortulana L. H. Bailey, P. munsoniana W. Wight & Hedrick 
and P. simonii Carrière to enhance its adaptation to local environments. 
Burbank’s efforts led to the creation of several cultivars, including ‘Santa 
Rosa’, ‘Beauty’, ‘Eldorado’, and ‘Burbank’, among others, which were 
spread from California to temperate zones around the world in the 20th 
century (Burbank, 1914; Faust and Surányi, 1998; Topp et al., 2012). 
Some of these cultivars were further intercrossed with other local plum 

species such as P. americana, P. angustifolia Marshall, P. nigra Aiton and 
P. pumila var. besseyi (L. H. Bailey) Waugh in the United States and 
P. cerasifera Ehrh. in South Africa and Australia. As such, the term 
“Japanese plum” thus refers to a heterogeneous group of interspecific 
hybrids derived from crosses involving up to 15 different Prunus species, 
rather than a pure species (Okie, 2006; Topp et al., 2012; Karp, 2015). 

Burbank also bred hybrids between Japanese plum and apricot, 
called “plumcots” (Roeding, 1908). The creation of plumcots occurred 
more than 100 years ago (Hedrick, 1911; Howard, 1945; Topp et al., 
2012), but the first ones were not commercially viable due to very low 
productivity and high acidity (Ledbetter et al., 1994; Okie, 2005; Jun 
and Chung, 2007). The first generation of hybrid seedlings exhibited 
characteristics such as pubescent skin from the apricot and a variable 
fruit size, shape, color, flavor and firmness (Ledbetter et al., 1994; Jun 
et al., 2009). Through backcrossing between plumcots, apricots and 
Japanese plums, varieties of greater commercial interest have been 
obtained (Topp et al., 2012). The Zaiger Genetics breeding program 
registered the terms “pluot” and “aprium” in 1991—the results of 
crossing plumcot × plum (75% plum and 25% apricot) and plumcot ×
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apricot (75% apricot and 25% plum), respectively (Brantley, 2004). 
Japanese plum has certain problems that make it difficult to grow. 

Up to now, there have been very few self-compatible Japanese plum 
cultivars and a lack of resistance to sharka disease (plum pox virus, PPV) 
(Rubio et al., 2011a). These two traits (self-compatibility and sharka 
resistance) are two of the principal aims of Japanese plum breeding 
programs around the world, including the Centro de Edafología y Bio
logía Aplicada del Segura-Consejo Superior de Investigaciones Científ
icas (CEBAS-CSIC) and Instituto Murciano de Investigación y Desarrollo 
Agrario y Alimentario (IMIDA) program in Murcia (Spain) (Ruiz et al., 
2019). Unlike the case of the Japanese plum, apricot breeding has 
achieved self-compatibility in many varieties as well as a significant 
number of varieties resistant to sharka (Rubio et al., 2014). In apricot 
species, marker-assisted selection for floral self-compatibility and 
resistance to sharka is used routinely. It is possible to determine the 
self-compatibility (SC) allele using the AprFBC8 marker (Halász et al., 
2010). For sharka resistance, the PGS1.21 marker (Soriano et al., 2012; 
Rubio et al., 2019)—and more recently, the ParPMC2 marker (Zuriaga 
et al., 2018; Polo-Oltra et al., 2020)—make it possible to identify 
genetically resistant genotypes. 

Interspecific hybridization is a potential strategy used in breeding 
programs with the aim of transferring interesting genes from one species 
to another. However, interspecific hybrids are more difficult to obtain 
within the Prunus genus (Perez and Moore, 1985). The great genetic 
distance between parents increases the genetic barriers to hybridization 
(Okie, 2005; Morimoto et al., 2019). This results in poor fruit set with 
many aborted fruits and a very low yield compared to standard 
intra-specific crosses. The compatibility of cross-breeding between 
Japanese plum, myrobalan plum, apricot and plumcot depends on the 
direction of the cross, and using P. salicina as the maternal parent pre
sents more satisfactory results than other species (Yoshida et al., 1975; 
Jun and Chung, 2007; Szymajda et al., 2015; Yaman and Uzun, 2020, 
2022). 

Since the 1980s, the plumcot has provided a relatively new type of 
fruit that combines the horticultural and market characteristics of 
apricots and Japanese plum species (Okie et al., 1992). Over the last 40 
years, new plumcot cultivars have been released and exhibit different 
fruit morphologies, including fruit size, skin and flesh color, and post
harvest characteristics. These new plumcot cultivars have been exten
sively developed from interspecific crosses in breeding programs in the 
US (Gómez and Ledbetter, 1993; Ledbetter et al., 1994; Okie and 
Ramming, 1999; Okie, 2005); Korea (Jun et al., 2011; Nam et al., 2016; 
Kwon et al., 2020); Bulgaria (Zhivondov, 2012); and China (Niu et al., 
2015). 

The previously released plumcot genotypes have been extensively 
characterized from a horticultural level, including at the phenological 
and pomological levels. In terms of molecular characterization and ge
netic diversity, however, previous works have primarily focused on 
Japanese plum cultivars (Boonprakob et al., 2001; Qiao et al., 2007; 
Klabunde et al., 2014; Merkouropoulos et al., 2017; Abdallah et al., 
2019; Guerrero et al., 2021). Scarce work has been done on interspecific 
hybrids. Moreover, this paucity is compounded by the lack of informa
tion on their pedigree and hybrid classification (plumcot, pluot, aprium) 
due to the confidential nature of private breeding programs, which 
hinders study (Ahmad et al., 2004; Guerrero et al., 2022). As far as we 
know, no detailed molecular characterization and PPV evaluations of 
plumcots generated in breeding programs have been carried out. Despite 
the high number of plumcots already released, none of them has both 
sharka resistance and self-compatibility. 

In this context, interspecific crosses between Japanese plums and 
self-compatible, sharka-resistant apricot (P. armeniaca L.) cultivars have 
been performed in recent years at the CEBAS-CSIC-IMIDA breeding 
program in Murcia (Spain) in order to obtain resistant and self- 
compatible interspecific plumcots. The objective of this work was to 
evaluate the phenotypic behavior of the newly obtained plumcot ge
notypes, including the phenological, floral and fruit quality traits. As an 

original contribution, this work also includes PPV-resistance pheno
typing, as well as a molecular characterization and the determination of 
S-haplotypes through PCR analysis. 

2. Materials and methods 

2.1. Plant material 

The plant material used in this work included seedlings obtained by 
interspecific crosses between Japanese plum cultivars and self- 
compatible, sharka-resistant apricot cultivars, and their progenitors 
(Table 1). Crosses were performed as part of the Japanese plum breeding 
program developed jointly by CEBAS-CSIC and IMIDA of Murcia 
(Spain). A total of 30 interspecific crosses have been evaluated in this 
work, obtaining a variable number of offspring per cross, clustered in 16 
combinations using P. salicina Lindl. as mother parent and another 14 
using P. armeniaca L. (Table 2). Seeds obtained from the crosses were 
germinated by embryo rescue following the protocol described by Per
ez-Jimenez et al. (2021). This technique is widely used to overcome 
post-zygotic barriers/incompatibilities in interspecific hybridizations in 
Prunus (Liu et al., 2007; Morimoto et al., 2019; Sallom et al., 2021). The 
seedlings were acclimatized in pots in a greenhouse before being planted 
in the field. The offspring and their genitors were cultivated in the same 
experimental orchard located in Calasparra (Murcia, southeastern 
Spain; lat. 38◦16′N, long. 1◦35′W; 350 m altitude) following standard 
Japanese plum orchard management. 

2.2. DNA extraction and SSR characterization 

Young leaves were collected in spring and stored at –80 ◦C before 
DNA isolation, which was carried out according to a modification of the 
CTAB method described by Doyle and Doyle (1987). A Nano
Drop™ND-1000 spectrophotometer (Bio-Science, Hungary) was used to 
analyze the quantity and quality of DNA. SSR analysis was carried out to 
perform an initial screening and confirm the interspecific nature. The 
SSRs PGS1.21 (Soriano et al., 2012), CPSCT005 (Mnejja et al., 2004), 
and BPPCT010 (Dirlewanger et al., 2002) were selected for PCR, due to 
their high polymorphism in the parents involved in the crosses. In 
addition, a total of 17 SSR markers developed in peach, apricot and 
Japanese plum were used (Tables 3 and S1) to achieve a complete mo
lecular characterization in the verified interspecific hybrids and their 
parents. SSR amplifications from most markers were analyzed in an ABI 
Prism 3130xl automated sequencer, and the size of the segregating al
leles of some of the markers was analyzed using GeneTools gel analysis 
software from SYNGENE (Beacon House, Cambridge, UK). PCRs were 
performed in a SimpliAmpTM Thermal Cycler (ThermoFisher, USA) 
under the following conditions: an initial denaturation for 2 min at 
95 ◦C, followed by 35 cycles of 30  s at 95 ◦C, 30 s at 57 ◦C, 30 s at 72 ◦C, 
and a final extension of 5 min at 72 ◦C. PCR products were electro
phoresed in 3% (w/v) Metaphor® Agarose gels (Fig. 1A), and DNA 
bands were visualized under UV transilluminator. The molecular sizes of 
amplified fragments were estimated using a 1 Kb Plus DNA Ladder 
(InvitrogenTM, Life Technologies, Spain). 

2.3. Genetic diversity evaluation and phylogenetic analysis 

The data of alleles generated by SSR markers were used to estimate 
genetic diversity parameters. For each microsatellite locus, GENALEX 
software version 6.51 (Peakall and Smouse, 2012) was used to calculate 
the number of alleles per locus (NA) and size range and to estimate the 
expected genetic heterozygosity (He), observed heterozygosity (Ho) and 
polymorphism information content (PIC). Expected heterozygosity for 
each marker was calculated as He = 1-

∑
p2

i where, pi is the frequency of 
the ith allele, PIC = 1-

∑
p2

i - 
∑

(2 p2
i ⋅ p2

j ) and observed heterozygosity 
(Ho) the number of heterozygous genotypes divided by the total number 
of genotypes. In addition, the power of discrimination (PD) of each SSR 
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marker was calculated as PD = 1–
∑

g2
i as g2

i is the frequency of the ith 

genotype. The genetic relationships among plums, apricots and their 
hybrids were determined using a Neighbor-Joining (NJ) cluster analysis 
(Saitou and Nei, 1987). Molecular Evolutionary Genetics Analysis 
(MEGA) software (Tamura et al., 2021) was used to calculate the dis
tance analysis and to construct NJ dendrograms. Relative support for the 
branches in each dendrogram was assessed with 2000 replicates of 
bootstrap. The genetic distance was computed using the p-distance 
method. 

2.4. Determination of S-haplotypes through PCR analysis and pollen 
viability 

S-allele amplification was carried out using three pairs of consensus 
primers. PaConsIF-PaConsIR2 (Sonneveld et al., 2006) and PruC2-PCER 
(Tao et al., 1999; Yamane et al., 2001) are specific for the S-RNase first 
and second introns respectively, while the specific primer pair 
AprFBC8-F-AprFBC8-R (Halász et al., 2010) allows for the identification 
of the Sc allele associated with self-compatibility in apricot, by ampli
fying a fragment of approximately 500 bp from the V2 and HVb variable 
regions of the SFB gene. A PCR amplification of S-RNase first intron 
(PaConsIF-PaConsIR2) was made in a total volume of 20 μl, containing 
1X GoTaq® Flexi Buffer, 1 mM MgCl2, 0.2 mM of each dNTP, 0.2 μM of 
each primer, 90 ng of genomic DNA and 1Ul of GoTaq® DNA Poly
merase (Promega). The PCR conditions used had an initial step of 3 min 
at 95 ◦C, 35 cycles of 1 min at 95 ◦C, 30 s at 57 ◦C and 3 min at 72 ◦C, and 
a final step of 7 min at 72 ◦C. Amplified PCR products were separated by 
electrophoresis on 3% (w/v) Metaphor Agarose gel and analyzed on an 
ABI Prism 3130xl automated sequencer to identify the size of the alleles 
that had not been previously identified in other studies. A PCR ampli
fication of the S-RNase second intron (PruC2-PCER) was done in a total 
volume of 10 μl, containing 1X PCR Buffer, 2 mM MgCl2, 0.4 mM of each 
dNTP, 0.6 μM of each primer, 1X Q-Solution (Qiagen), 90 ng of genomic 
DNA and 5 U/μl of Qiagen® Taq DNA polymerase. The PCR conditions 
used had an initial step of 2 min at 94 ◦C, 10 cycles of 10 s at 94 ◦C, 2 min 
at 58 ◦C and 2 min at 68 ◦C, 25 cycles of 10 s at 94 ◦C, 2 min at 58 ◦C and 
2 min at 68 ◦C with the addition of 10 s/cycle, and a final step of 10 min 
at 68 ◦C. Amplified PCR products were separated by electrophoresis on 
0.7% (w/v) agarose gel. A PCR amplification of the SFB gene by 
AprFBC8-F-AprFBC8-R was done in a total volume of 15 μl containing 
1X Reaction Buffer (Biotools, Spain) with the final concentrations of 2 
mM MgCl2, 0.5 mM of each dNTP, 0.2 μM of each primer, 90 ng of 
genomic DNA and 8 mU/μL of Biotools® DNA polymerase. The PCR 
conditions used had an initial step of 3 min at 95 ◦C, 35 cycles of 30 s at 
95 ◦C, 1 min 30 s at 55 ◦C and 2 min at 72 ◦C, and a final step of 5 min at 
72 ◦C. Amplified PCR products were separated by electrophoresis on 1% 
(w/v) agarose gel. 

In addition, pollen grains from the assayed plumcot genotypes were 
germinated in vitro to test their viability. Pollen grains were obtained 
from flowers collected at the balloon stage, collecting the anthers, dry
ing it and later spreading it on a germination medium formed by 15% 
sucrose and 1.2% agar. After being cultured for 6–8 h at 22 ◦C, the 
germinated pollen was counted and the germination percentage was 
calculated considering that pollen grains are viable when the length of 
the growing tube was higher than the pollen grain diameter. 

Table 1 
Pedigree, origin and main agronomic characteristics (self-compatibility, flowering and ripening time, skin and flesh color and PPV resistance) of the apricots and 
Japanese plum cultivars used in the interspecific crosses with verified interspecific hybrids. SC: self-compatible; SI: Self-incompatible; R: PPV resistant; S: PPV 
susceptible.   

Pedigree Origin Self-compat. Flowering Ripening Skin colour Flesh colour PPV 

Apricot         
Mirlo Anaranjado Rojo Pasión × Búlida Precoz Spain SC Early Early Light orange 

(Red) 
Orange R 

Rojo Pasión Orange Red × Currot Spain SC Medium Early-Medium Orange 
(Red) 

Light Orange R 

(1001) 5-26 (Orange Red × Currot) × OP Spain SC Early Early Light Orange Orange R 
Japanese plum        
Red Beaut Eldorado × Burmosa USA SI Early Early Red Yellow S 
Black Splendor Black Amber × OP USA SI Very Early Early Black Red S 
Honey Dawn Unknown South Africa SI Early Early Yellow Yellow S 
0716-5 0112-11 × OP Spain SI Early Early Red Light Red S 
0112-11 Black Splendor × OP Spain SI Very Early Early Black Red S 
0614-5 Black Splendor × OP Spain SI Very Early Very Early Red Light Red S  

Table 2 
Interspecific crosses performed and evolution of the plants obtained during the 
process of in-vitro germination, acclimatization in pots, planting in the field and 
verification of their interspecific nature by SSR markers. The percentage of 
interspecific success is shown in parentheses.  

Crosses Nº seeds  
obtained 

Nº plants in  
field 
evaluated 

Nº 
interspecific  
verified 

Apricot × plum    
Rojo Pasión × 0716-5 64 41 (64) 0 (0) 
Rojo Pasión × Black Splendor 244 41 (17) 0 (0) 
Rojo Pasión × Santa Rosa 251 27 (11) 0 (0) 
Rojo Pasión × Pioneer 69 21 (30) 0 (0) 
Mirlo Anaranjado × 0716-5 128 6 (5) 0 (0) 
Mirlo Anaranjado × Black Splendor 109 11 (10) 0 (0) 
Mirlo Anaranjado × Pioneer 146 34 (23) 0 (0) 
Mirlo Anaranjado × 0716-6 147 9 (6) 0 (0) 
Mirlo Anaranjado × Santa Rosa 

Precoz 
87 5 (6) 0 (0) 

Mirlo Anaranjado × Honey Dawn 91 12 (13) 0 (0) 
Mirlo Anaranjado × 0716-5 89 39 (44) 0 (0) 
CEBAS-57 × Pioneer 15 0 (0) 0 (0) 
CEBAS-57 × Santa Rosa Precoz 21 9 (43) 0 (0) 
CEBAS-57 × 0716-6 20 2 (10) 0 (0) 
CEBAS-57 × Honey Dawn 21 2 (10) 0 (0) 
(1001) 5-26 × Black Splendor 2 1 (50) 0 (0) 
Total 1504 260 (17) 0 (0) 
Plum × apricot    
Red Beaut × Rojo Pasión 158 16 (10) 2 (13) 
Red Beaut × Mirlo Anaranjado 460 81 (18) 5 (6) 
Red Beaut × (1001) 5-26 123 18 (15) 1 (6) 
Black Splendor × Mirlo Anaranjado 109 47 (43) 6 (13) 
Black Splendor × Rojo Pasión 351 6 (2) 0 (0) 
Black Splendor × (1001) 5-26 1 1 (100) 0 (0) 
Black Splendor × CEBAS-57 34 19 (56) 0 (0) 
Honey Dawn × CEBAS-57 131 92 (70) 0 (0) 
Honey Dawn × Mirlo Anaranjado 43 37 (86) 2 (5) 
0716-5 × Rojo Pasión 1 1 (100) 1 (100) 
0413-1 × Mirlo Anaranjado 10 0 (0) 0 (0) 
0614-5 × Mirlo Anaranjado 21 16 (76) 14 (88) 
0112-11 × Mirlo Anaranjado 48 3 (6) 2 (67) 
1112-166 × Mirlo Anaranjado 35 15 (43) 0 (0) 
Total 1525 352 (23) 33 (9)  
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Table 3 
Genetic diversity parameters of 33 interspecific hybrid genotypes, 6 Japanese plum genotypes and 3 apricot genotypes using 17 SSR markers. Linkage Group (LG), 
Number of alleles (NA), allele size, Polymorphism Information Content (PIC), Observed heterozygosity (Ho), Expected heterozygosity (He) and Power of Discrimi
nation (PD).  

Ref. Species SSR marker LG NA Alleles (pb) PIC Ho He PD 

Cipriani et al., 1999 P. persica UDP96-005 2 8 106-167 0.75 0.88 0.75 0.72 
Dirlewanger et al., 2002 P. persica BPPCT001 2 4 122-189 0.65 0.90 0.65 0.70   

BPPCT007 3 6 113-174 0.69 0.81 0.69 0.77   
BPPCT010 4 5 115-168 0.71 0.90 0.71 0.79   
BPPCT025 6 6 160-195 0.72 0.95 0.72 0.82   
BPPCT039 3 7 130-198 0.64 0.83 0.64 0.51 

García-Gómez et al., 2018 P. armeniaca CA-RISO 4 7 120-146 0.71 0.93 0.71 0.73   
GER-SIN 4 5 200-227 0.60 0.92 0.76 0.83   
MADS-BOX 3 8 201-238 0.77 0.95 0.77 0.87   
MET-T 4 6 131-172 0.68 0.93 0.68 0.70   
MYB-TF 3 7 239-263 0.73 0.90 0.73 0.81   
PruDest-2 8 3 230-280 0.29 0.90 0.54 0.34   
PSPD1 4 4 249-259 0.58 0.86 0.62 0.70   
UPDAR 3 7 219-270 0.79 0.93 0.79 0.86 

Mnejja et al., 2004 P. salicina CPSCT005 4 5 161-231 0.69 0.86 0.69 0.77 
Soriano et al., 2012 P. armeniaca PGS1.21 1 6 166-226 0.75 0.95 0.75 0.81   

PGS1.24 1 8 101-139 0.80 0.90 0.80 0.87 
Mean    6  0.68 0.90 0.71 0.74  

Fig. 1. (A) Metaphor® Agarose gel showing the allelic segregation of the microsatellite locus CPSCT005, sequenced from Japanese plum, in the intercross P. salicina 
× P. armeniaca. Some of the identified plumcots are shown in those gels (0412-1, 0412-15, 0613-2, 0613-6, 1315-17-). The arrows point to the parental alleles, and 
those are identified by letters (A, B and C). RB and BS are the female parent, while RP and MN are the male parent of the crossings. (B) S-PCR analysis of apricot, 
Japanese plum and plumcot genotypes by consensus primers amplifying the first (A) and second (B) introns of Prunus S-RNase gene and amplification of SFBc (C) 
from apricot using specific primers. M: Marker kb+ ladder; Red Beaut (RB), Mirlo Anaranjado (MN), Rojo Pasión (RP), Black Splendor (BS), Honey Dawn (HD), 
(1001) 5-26 (C5-26). Alleles in bold are from apricot. 
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2.5. Evaluation of horticultural traits 

Phenological, morphological and fruit quality traits were evaluated 
on the verified interspecific hybrids for four consecutive years 
(2017–2020). Flowering time (FT) was evaluated every 3–4 days and 
recorded in the field in stage 65 according to the international BBCH 
scale (Meier et al., 1994), when 50% of flowers were opened (F50). 
Flowering intensity (FI) was measured on a scale of 0 (null) to 3 
(maximum). The ripening date (RD) was determinated when the fruit 
had an appropiate firmness and color, at physiological maturity stages, 
and the productivity (P) was registered with a score of 0 (null) and 5 
(maximum). Both FT and RD were evaluated in Julian days (natural days 
from January 1). The fruit developmental period (FDP) was considered 
as the difference between FT and RD. The presence/absence of pubes
cence of gynoecium (PUB) and chalice color (CC) were evaluated by 
observation. Certain fruit quality traits were also analyzed, dis
tinguishing between physical traits [fruit weight (FW), stone weight 
(SW), adherence of stone to flesh (AD), skin color (SC), flesh color (FC), 
and firmness (F)] and biochemical traits [soluble solids content (SSC), 
acidity (A) and pH]. FW and SW were measured using a Blauscal digital 
balance (model AH-600) with an accuracy of 0.01 g. Fruit color (SC and 
FC) was measured made using a Minolta Chroma Meter (CR-300; Min
olta, Ramsey, NJ, USA) tri-stimulus color analyzer calibrated to a white 
porcelain reference plate using a CIELAB scale with color space co
ordinates L*, a* and b*. To assess color, we used the Hue angle [H◦=

arctangent(b*/a*)] parameter, which was determined around the 
equatorial region (Brown and Walker, 1990). F was quantified in 
Newton (N) by a texture analyzer (TA.XT plus, Texture Technologies, 
Hamilton, MA, USA) using a 75 mm cylinder and compressing to a depth 
of 5 mm. SSC was determined using a digital ATAGO® hand-held 
refractometer calibrated as the percentage of sucrose at 20 ◦C. A was 
determined by acid-base titration using 2 g of sample diluted in 30 ml of 
distilled water as malic acid grams per 100 ml. 

2.6. Plum pox virus (PPV) resistance evaluation 

The molecular evaluation of PPV resistance was performed using the 
SSR marker PGS1.21, which is tightly linked to PPV resistance in apricot 
(Soriano et al., 2012) and previously described as inside the PPVres 
locus (Zuriaga et al., 2013). A gene with allelic variants linked in 
coupling to PPV resistance called ParPMC2 has recently been identified 
by Zuriaga et al. (2018). ParPMC2 resistant (R) and susceptible (S) al
leles were amplified using two forward specific primers (PMC2-F-all
eleR: 5′-GTCATTTTCATTGATGTCATTCA-3′, or PMC2-F-alleleS: 
5′-GTCGTTTTCATTGATGTCCAAAC-3′, respectively) and one common 
reverse primer (PMC2-R: 5′-GTGCTCTTTCACATTCTTGCTC-3′). PCR 
amplification of the PGS1.21 marker was done as described above, and 
ParPMC2 PCRs were performed in a total volume of 20 μl containing 
0.5X GoTaq® Flexi Buffer, 0.2 mM of each dNTP, 0.5 μM of each primer, 
1.87 mM MgCl2, 75 ng of genomic DNA and 1U of GoTaq® DNA Poly
merase (Promega). The ParPMC2 PCR conditions were as follows: initial 
denaturation step at 95 ◦C for 5 min; 35 cycles of denaturation at 95 ◦C 
for 30 s, annealing at 55 ◦C for 45 s, extension at 72 ◦C for 45 s, followed 
by a final extension step at 72 ◦C for 10 min. The PCR products were 
electrophoresed on 1% (w/v) agarose gels. Due to the lack of knowledge 
of the mode of inheritance of PPV resistance in interspecific Japanese 
plum-apricot hybrids, and because the current set of markers based on 
the single resistance locus is not sufficient to predict resistance to PPV, 
resistance of the plumcot genotypes was evaluated for 3 phenotyping 
cycles in controlled conditions in a scaled greenhouse located in the 
experimental facilities of CEBAS-CSIC in Murcia (Spain). 

The Prunus insititia L. ‘Adesoto 101’ was used as rootstock for grafting 
the plumcots to be evaluated. This rootstock was chosen because of its 
high susceptibility to PPV (Rubio et al., 2005). The PPV isolate used as 
inoculum was 3.30RB/GF-IVIA (GenBank: KJ849228.1), a Dideron Type 
(PPV-D) isolate, obtained from Japanese plum in Spain maintained in 

the PPV collection of the Instituto Valenciano de Investigaciones Agra
rias (IVIA) in Valencia (Spain). This isolate is considered to be repre
sentative of the Spanish PPV population. Six replicates of each genotype 
were grafted onto ‘Adesoto’ rootstocks previously inoculated by grafting 
with a piece of bark (chip-budding) from another ‘Adesoto’ with strong 
sharka symptoms. The presence of symptoms in the rootstock and the 
plumcot leaves was scored from 0 (no symptoms) to 5 (maximum in
tensity of symptoms) two months after putting the plants in the green
house (Martínez-Gómez and Dicenta, 2000; Rubio et al., 2013). Only 
plants whose rootstocks showed sharka symptoms were considered for 
the evaluation process. In each cycle, plants without symptoms were 
reinoculated after symptom observation. An ELISA-DASI (double anti
body sandwich indirect) test was applied to the leaves to detect PPV’s 
coat protein (CP) using monoclonal antibodies 5B-IVIA® (Plant Print 
Diagnostics SL, Valencia, Spain) specific to the CP of PPV (Cambra et al., 
1994). Optical densities (OD) were recorded at 405 nm after 60 min, and 
samples with an OD less than twice that of the healthy control were 
considered negatives (Sutula et al., 1986). For the detection of PPV RNA, 
an RT-PCR analysis was carried out using total RNA extracted from the 
same leaves of the ELISA-DASI using an adapted CTAB method for plants 
described in Tong et al. (2012). Two specific primers within the CP 
gene—VP337 (CTCTGTGTCCTCTTCTTGTG), complementary to posi
tions 9487– 9508 of genomic PPV, and VP338 (CAA
TAAAGCCATTGTTGGATC), homologous to positions 9194–9216—were 
assayed (Sanchez-Navarro et al., 2005). Amplified products were elec
trophoresed on 1% (w/v) agarose gel. A 1 Kb Plus DNA Ladder (Invi
trogenTM, Life Technologies, Spain) was used as molecular weight 
standard. 

3. Results 

3.1. Interspecific hybrid verification using SSR markers 

A total of 3029 seeds were obtained from interspecific crosses, 
including 1525 using Japanese plums as the female parent and 1504 
using apricot as the female parent (Table 2). However, due to losses 
during germination, acclimatization, and subsequent planting in the 
field, only 612 genotypes (20.2%) could be evaluated. The verification 
of the interspecific nature of the offspring obtained using SSRs is shown 
in Table 2. The screening by SSR markers of the 612 genotypes gener
ated by interspecific crossings clearly identified a total of 33 interspe
cific hybrids (Table 2). The 5.4% of verified interspecific hybrids shows 
the difficulty in obtaining plumcots, underscoring the technical chal
lenges associated with this process. This finding highlights the need to 
improve the hybridization protocol. If we consider the total number of 
obtained seeds, the results are even worse, with only 1.1% plumcots 
obtained. All plumcots came from crosses in which Japanese plum was 
the female parent and apricot the male parent, suggesting that hybrid
ization efficiency depends on the crossing-over direction. An example of 
the molecular identification of interspecific hybrids with the CPSCT005 
marker is shown in Fig. 1A, where only the interspecific individuals 
showed the alleles from parents used in the cross, and the remaining 
genotypes were escapes. 

The genetic profiles of each genotype are included in Supplementary 
Table S1. Most of the SSR markers used in this work allow for early 
marker-assisted selection (MAS) to distinguish interspecific hybrids 
from possible escapes resulting from controlled pollination. However, 
some inconsistencies were detected in some markers. Most of the 
plumcot hybrids only segregate apricot alleles, except for ‘0412-1’, 
‘0412-15’, ‘1413-8’ and ‘1515-5’ for BPPCT039 and ‘0915-1’ for UDP96- 
005, which also have plum alleles. On the other hand, ‘0613-4’, ‘0915-1’ 
and ‘1515-5’ genotypes have an allele of 181 bp for the PGS1.21 marker 
that does not match with any alleles of their apricot genitor. 
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3.2. Plumcot genetic diversity and cluster analysis 

All the SSR markers used in this study showed a correct amplification 
and turned out to be polymorphic in the analysis of 33 interspecific 
Japanese plum × apricot hybrids and their nine genitors. A total of 102 
alleles were amplified using 17 SSR primers, ranging from 3 (PruDest-2) 
to 8 (MADS-BOX, PGS1.24 and UDP96-005) alleles per locus, with an 
average value of 6. All the SSR loci were polymorphic. The smallest 
allele was obtained with the SSR marker PGS1.24 (101 bp) and the 
largest one with PruDest-2 (280 bp). Polymorphism Information Content 
(PIC) values ranged between 0.29 (PruDest-2) and 0.80 (PGS1.24), with 
an average of 0.68 per locus; the PruDest-2 marker was thus slightly 
informative and the rest highly informative (Botstein et al., 1980). The 
observed heterozygosity values (Ho) ranged from 0.81 (BPPCT007) to 
0.95 (BPPCT025, MADS-BOX and PGS1.21), with an average value of 
0.81, whereas the expected heterozygosity (He) ranged from 0.54 

(PruDest-2) to 0.80 (PGS1.24), with a mean value of 0.71 (Table 3). 
Fig. 2 shows the phenotypic relationships among the different ge

notypes assayed. The NJ dendrogram showed two main clusters: one big 
cluster (I) with all the interspecific hybrids and apricots, and another 
cluster (II) with plums. The results showed significant differences be
tween the plumcots and the species from which they originated, 
although a greater similarity of the plumcots with the apricots was found 
than with the plums. Plumcots from the same cross are grouped 
together. 

3.3. Identification of self-compatibility alleles and pollen viability 

PCR analysis using primers from conserved regions of S-RNase of 
sour cherry (P. cerasus) and sweet cherry (P. avium), and a specific 
primer of SFBc in apricot, was used to identify the S-haplotypes of 
plumcot hybrids and their genitors (Fig. 1B). Cultivars with known S- 

Fig. 2. NJ cluster analysis of plum, apricot and interspecific plumcot hybrids based on the SSR characterization created from 2000 bootstrap replications. Boot
straping values >50% were placed on the branches. Colored points indicated the different interspecific families assayed. 
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alleles were used to confirm the size of S-RNase alleles previously 
identified (Sa-Se in plums and Sc-S9 in apricots) using primer pairs 
PaConsI-PaConSIR2 and PruC2-PCER. Seven different alleles were 
amplified from the genitors, two from apricot (Sc and S9) and five from 
Japanese plum (Sa, Sb, Sc, Se and Sx) (Table 4). The plum genitors ‘0716- 
5’, ‘0614-5’ and ‘0112-11’, and some genotypes of their offspring, 
showed fragments with 237 and 1166 sizes for the first and second 
intron, respectively, that have not yet been identified. Such fragments of 
different sizes from those already described in Japanese plum have been 
considered as a new allele, named Sx in this work (Table S2). Using 
PaConSI-PaConsIR2 primers, we were able to distinguish between the Se 
allele and the new Sx allele in Japanese plum, since amplification of the 
second intron produced a band of the same size between them 
(Table S2). The plumcots were placed in incompatibility groups distinct 
from those described in both Japanese plum and apricot based on their 
mixture of alleles from both species. From the 33 interspecific genotypes 
evaluated, seven new haplotypes were identified in plumcots (SaSc, 
SbSc, SbS9, ScSc, ScS9, SeSc and SxSc) (Table 4). Three plumcots did not 
segregate the apricot Sc allele (Table 4). The rest of the interspecific 
hybrids inherited the Sc allele, which confers self-compatibility in 
apricot (Vilanova et al., 2006), so a priori they should be self-compatible 
genotypes. 

The studies of pollen viability determined the androsterility of all 

plumcot genotypes. These results suggest that interspecific hybridiza
tion causes androsterility in the offspring. 

3.4. Evaluation of horticultural traits 

The data obtained about phenological and floral traits are shown in 
Table 5. Only 12 of the 33 obtained plumcots had been able to flower so 
far, and two of them did not present any production. The plumcots that 
flourished had a gynoecium with pubescence on the ovary, character
istic of apricot fruit, and pink or pinkish-green variegated sepals, unlike 
plum, which have green sepals. A greater number of abnormal multi- 
pistil flowers were detected in the hybrids, with up to four pistils. The 
hybrids had leaves with an intermediate shape between apricot and 
plum, with some leaves more oval and similar to apricot and others with 
a more elliptical shape typical of plum (Fig. 3). In contrast to their 
parents, all interspecific genotypes showed a lower and more erratic 
level of flowering and productivity (Table 5). The genotype with the 
highest flowering intensity was ‘1413-8’ with a mean value of 1.4 (scale 
0-3), and the hybrid with the highest productivity was ‘1313-10’. On the 
other hand, the hybrid ‘0613-4’ had the earliest flowering time, 
although it had the lowest flowering intensity and has not produced fruit 
yet. Compared to their genitors, most interspecific hybrids showed 
delayed flowering time and intermediate values for ripening, resulting 
in a shorter fruit development period than their genitors. 

As for the physical characteristics of the fruit (Table 6), the geno
types showed a wide variability in size and skin and flesh color (Fig. 3). 
Fruit size varied from 77.1 g for ‘0613-5’— the only genotype that 
exceeded its parents in size—to 20.7 g for ‘1515-5’, which had the 
smallest fruit. All plumcot hybrid fruits had pubescent skin. The ma
jority of plumcot hybrids exhibited stone adherence to the flesh, a 
characteristic inherited from their Japanese plum progenitors: four 
plumcots were clingstone and three were semi-clingstone. The only 
freestone genotypes, like apricot, were ‘0412-15’, ‘0613-5’ and ‘0613-6’. 
Most of the plumcots obtained had a purplish-reddish skin color, char
acteristic of Japanese plum, except for genotypes ‘1114-28’ and ‘1515- 
5’, which were orange and yellow, respectively. The plumcot with the 
most striking flesh color was ‘0613-5’, which had an intense red color 
similar to its genitor ‘Black Splendor’. The maximum fruit firmness was 
in genotype ‘1114-7’, with 54.5 N, and ‘0613-5’ had the highest soluble 
solids content, with 15.6 ◦Brix. All plumcots, except ‘1515-5’, showed 
transgressive values for acidity, i.e., higher than their genitors had. 

3.5. Plum pox virus (PPV) resistance evaluation 

Table 7 shows the PPV phenotyping of 20 interspecific hybrids and 
their genitors grafted onto infected ‘Adesoto’ plum rootstocks over three 
vegetative cycles in greenhouse conditions. According to the symptoms 
observation and the ELISA-DASI and RT-PCR results, genotypes were 
classified into the following three groups: resistant (without symptoms 
and ELISA/RT-PCR negative); tolerant (symptomless and ELISA or RT- 
PCR positive); or susceptible (with symptoms and ELISA/RT-PCR 
positive). 

The results obtained confirm the already-described resistance of 
apricot cultivars ‘Rojo Pasión’ and ‘Mirlo Anaranjado’ and the advanced 
selection ‘(1001) 5-26’ used in interspecific crosses as a source of PPV 
resistance. On the other hand, Japanese plum genitors ‘Red Beaut’, 
‘Black Splendor’, ‘0614-5’ and ‘0112-11’ showed susceptibility, while 
selection ‘0716-5’ was considered tolerant: it was asymptomatic and 
only tested positive by RT-PCR in two of eleven observations in the first 
cycle (Table 7). 

The total number of replicates correctly evaluated (rootstock infec
ted and cultivar sprouted) was 106 out of 168 (63%), with a mean 
symptom intensity on the rootstocks of 2.2. 

Among the twenty plumcots assayed, fifteen showed sharka symp
toms (Fig. 3) and were ELISA-DASI and/or RT-PCR positive, so have 
been classified as susceptible (Tables 7 and 8). Four plumcots behaved as 

Table 4 
S-genotype of the apricots, plums and plumcots generated in this study. S alleles 
in bold are from apricot.  

Pedigree Genotype S-genotype 

Prunus armeniaca L.   
Rojo Pasión × Búlida precoz Mirlo Anaranjado Sc Sc 

Orange Red × Currot Rojo Pasión Sc S9 

(Orange Red × Currot) × OP (1001) 5-26 Sc Sc 

Prunus salicina Lindl.   
Eldorado × Burmosa Red Beaut Sa Sb 

Black Amber × OP Black Splendor Sc Se 

Unknown Honey Dawn Sc Sb 

0112-11 × OP 0716-5 Sc Sx 

Back Splendor × OP 0112-11 Sc Sx  

0614-5 Se Sx 

P. salicina × P. armeniaca   
Red Beaut × Mirlo Anaranjado 1114-3 Sb Sc  

1114-7 Sb Sc  

1114-28 Sb Sc  

1313-10 Sa Sc  

1313-24 Sb Sc 

Red Beaut × Rojo Pasión 0412-1 Sb Sc  

0412-15 Sb S9 

Black Splendor × Mirlo Anaranjado 0613-2 Sc Sc  

0613-4 Sc Sc  

0613-5 Se Sc  

0613-6 Se Sc  

1315-17 Se Sc  

1619-2 Se Sc 

Honey Dawn × Mirlo Anaranjado 1515-5 Sc S9  

1515-26 Sb Sc 

Red Beaut × (1001) 5-26 1413-8 Sa Sc 

0716-5 × Rojo Pasión 0915-1 Sc S9 

0112-11 × Mirlo Anaranjado 0718-1 Sx Sc  

1219-1 Sx Sc 

0614-5 × Mirlo Anaranjado 0119-3 Sx Sc  

0119-5 Se Sc  

0119-6 Sx Sc  

0119-7 Sx Sc  

0119-8 Se Sc  

0119-10 Sx Sc  

0119-12 Se Sc  

0119-13 Se Sc  

0119-14 Sx Sc  

0119-16 Sx Sc  

0119-17 Sx Sc  

0119-19 Sx Sc  

0119-20 Sx Sc  

0119-21 Se Sc  
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tolerant, i.e., they did not display sharka symptoms but were RT-PCR 
positive in at least one replicate. The only plumcot that showed resis
tance was the genotype ‘0718-1’, which has not presented symptoms 
and has not tested ELISA or RT-PCR positive. However, it has not been 
possible to perform a complete evaluation of ‘0718-1’, since only one 
plant was evaluated during one of the cycles due to high replicate 
mortality, thus providing inconclusive results. A total of 60% of the 
susceptible plumcots showed sharka symptoms, and the overall symp
tom intensity ranged from 0.8 to 2.5; more than 70% tested RT-PCR 
positive. Regarding the tolerant plumcots, among 27 observations, 
only 25% were positive by RT-PCR (Table 8). 

The results of the molecular characterization of PPV resistance by 
markers linked to PPV resistance in apricot are shown in Table 8. The 
presence of the resistant allele (226 bp) of the PGS1.21 marker matches 
with the genotypes that show a PMC2-resistant genotype (RR and RS), 
except for the individual ‘0119-16’, which shows a sensitive genotype 
(SS) even with the 226 allele. Hybrids ‘0613-4’, ‘1515-5’ and ‘0915-1’ 
show an allele of 181 bp that none of their parents display, which could 
be due to a genetic recombination phenomenon/event during meiosis. 
The data obtained did not match the expected resistance, since most of 
the plumcots genetically classified as resistant were susceptible to PPV. 
However, three out of four tolerant plumcots carry the resistant alleles. 

Table 5 
Phenological and floral traits of the assayed plumcots and their genitors. Flowering time (FT), flowering intensity (FI), gynoecium pubescence (PUB), chalice color 
(CC), ripening date (RD), fruit development period (FDP) and productivity (P). FT, RD and FDP were in Julian days (JD).   

FT (JD) FI (0-3) PUB CC RD (JD) FDP (JD) P (0-5) 

Apricot        
Mirlo Anaranjado 51 ± 2 2.00 ± 0.0 + Pink 133 ± 3 82 ± 1 3.5 ± 0.5 
Rojo Pasión 62 ± 1 2.50 ± 0.0 + Pink 148 ± 3 87 ± 2 4.5 ± 0.5 
(1001) 5-26 52 ± 4 1.50 ± 0.5 + Pink 133 ± 5 81 ± 5 2.1 ± 1.3 
Plum        
Red Beaut 49 ± 4 2.00 ± 0.0 – Green 152 ± 12 103 ± 13 3.5 ± 0.0 
Black Splendor 47 ± 4 3.00 ± 0.0 – Green 168 ± 1 121 ± 4 3.7 ± 0.6 
Plumcot        
0412-1 68 ± 13 1.00 ± 0.5 + Pink 136 ± 11 69 ± 21 0.4 ± 0.4 
0412-15 65 ± 3 1.00 ± 0.0 + Pinkish-green 155 ± 0 92 ± 0 0.5 ± 0.0 
0613-4 48 ± 0 0.20 ± 0.0 + Pinkish-green    
0613-5 58 ± 8 1.30 ± 0.9 + Pink 165 ± 3 106 ± 10 0.5 ± 0.5 
0613-6 66 ± 0 0.50 ± 1.0 + Pink 162 ± 0 96 ± 0 0.3 ± 0.3 
1313-10 59 ± 7 1.13 ± 0.2 + Pink 143 ± 2 82 ± 3 1.6 ± 1.3 
1413-8 60 ± 8 1.40 ± 0.5 + Pinkish-green 142 ± 13 82 ± 14 1.0 ± 0.0 
1114-3 56 ± 2 1.00 ± 1.0 + Pinkish-green 146 ± 4 90 ± 4 1.0 ± 1.0 
1114-7 58 ± 12 0.20 ± 0.0 + Pink 146 ± 7 88 ± 5 0.5 ± 0.5 
1114-28 52 ± 3 1.17 ± 0.3 + Pink 141 ± 4 90 ± 2 0.4 ± 0.3 
1315-17 52 ± 6 0.35 ± 0.2 + Pinkish-green    
1515-5 59 ± 8 0.50 ± 0.0 + Pink 155 ± 0 101 ± 0 0.5 ± 0.0  

Fig. 3. General morphological characteristics of leaves, flowers and fruits, as well as PPV symptomatology of apricot, Japanese plum and interspecific plumcot 
hybrids generated in this work. The fruit typology from left to right correspond to ‘Mirlo Anaranjado’ apricot, plumcots ‘1114-3’, ‘0613-5’, ‘0613-6’, ‘0412-1’,’1114- 
28’, ‘1313-10’ and ‘Black Splendor’ Japanese plum. 
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The genotype ‘0412-15’ showed susceptibility, but we were only able to 
evaluate it in the first cycle, so we do not know if it would have behaved 
like other genotypes with several observations in the following cycles 
without symptoms and negative ELISA and RT-PCR results. 

4. Discussion 

The present study demonstrates the challenge of generating plumcot 
hybrids. The difficulty in obtaining interspecific hybrids within the 
genus Prunus has been widely reported in many studies (Yoshida et al., 
1975; Perez and Moore, 1985; Ahmad et al., 2004; Jun and Chung, 2007; 
Jun et al., 2009; Yaman and Uzun, 2020). Such crossings results in very 
few fruits, seeds, and hybrids in relation to the number of pollinated 
flowers due to the genetic distance between Prunus species. 

Hybridization was only successful in this study when Japanese plum 
was used as the female parent. These findings are consistent with those 
reported in previous works (Yoshida et al., 1975; Singh et al., 1997; 
Claverie et al., 2004; Jun and Chung, 2007; Szymajda et al., 2015). 
These studies have noted that hybridization success rates are influenced 
by the direction of the cross and that crosses involving P. salicina as the 
maternal parent generally prove more fruitful than those involving 
P. armeniaca. The reason for the higher fruit production in the P. salicina 
× P. armeniaca crosses compared to P. armeniaca × P. salicina may be 
due to the ability of apricot pollen tubes to grow faster than those of 
P. salicina, as well as the shorter pistil of the plum, providing a shorter 
path for apricot pollen to reach the ovary (Perez and Moore, 1985). 
Additionally, the Japanese plum’s compatibility as the female parent has 
also been confirmed in crosses with peach (Morimoto et al., 2019). 
Furthermore, Szymajda et al. (2022) observed that the crosses made 
between Japanese plum × apricot were the least successful when 
compared to Japanese plum × myrobalan plum and myrobalan plum ×

apricot. 
In addition, the loss of a significant number of hybrid seeds obtained 

from controlled pollinations has also been reported by Jun et al. (2009) 
and Szymajda et al. (2022), where around 65% of the fruits obtained in 
the pollinations were lost during the processes of stratification, germi
nation and acclimatization. This loss may be due to genetic disorders 
resulting from the combination of two incompatible genomes in the 
hybrid seedling, as suggested by Szymajda et al. (2022). 

The interspecific nature of plumcot hybrids has been successfully 
verified using molecular markers, as demonstrated in previous studies 
(Byrne and Littleton, 1989; Ahmad et al., 2004; Jun et al., 2009; Szy
majda et al., 2022). However, most of the genotypes considered inter
specific, because they came from seeds of fruits resulting from controlled 
crosses, were shown not to be interspecific based on validation using 
SSR markers (33 interspecific plumcots from 612 genotypes verified). 
This could be due to escapes from uncontrolled pollination, as well as 
possible cleistogamy in the case of crosses with a self-compatible female 
apricot parent. To date, there have been very few studies that have 
confirmed the interspecific nature of plumcot hybrids by SSR. As a 
result, many hybrids considered as plumcots may actually be Japanese 
plum-type hybrids (Ahmad et al., 2004; Okie, 2005; Jun et al., 2009; 
Guerrero et al., 2022). 

The SSR polymorphism results highlight the high transferability of 
the SSR markers used in this study among Prunus species, as previously 
observed in other works (García-Gómez et al., 2018; Guerrero et al., 
2022). The expected and observed heterozygosity values are similar to 
those observed in other studies of putative advanced selections of 
interspecific plumcot-type hybrids (He=0.76; Ho=0.70) (Guerrero 
et al., 2022) and different species of plum such as P. salicina 
(He=0.67-0.68; Ho=0.70-0.65) (Abdallah et al., 2019; Guerrero et al., 
2021); P. domestica (He=0.69; Ho=0.73); and P. insititia (He=0.70; 

Table 6 
Physical and fruit quality traits of the assayed plumcots and their genitors. Fruit weight (FW), stone weight (SW), adherence of stone to flesh (AD), skin color, flesh 
color, firmness (F), soluble solid content (SSC), pH and acidity. Blush color of skin is given in parentheses.  

Genotypes FW (g) SW 
(g) 

AD Skin Color Flesh Color F (N) SSC 
(ºBrix) 

pH Acidity (%) 
Visual Hue 

angle 
Visual Hue 

angle 
Citric Malic Tartaric 

Apricot              
Mirlo 

Anaranjado 
63.9 ±
4.3 

2.9 ±
0.1 

Free Light orange 
(red) 

70.0 ±
2.8 

Orange 73.4 ±
1.5 

38.6 ±
13.0 

12.7 ±
0.8 

3.55 ±
0.09 

1.38 ±
0.10 

1.45 ±
0.10 

1.62 ±
0.11 

Rojo Pasión 63.1 ±
14.9 

2.4 ±
0.3 

Free Orange 
(red) 

80.8 ±
3.2 

Light 
orange 

75.8 ±
2.9 

26.9 ±
13.4 

11.6 ±
0.1 

3.58 ±
0.01 

1.44 ±
0.03 

1.51 ±
0.03 

1.69 ±
0.04 

(1001) 5-26 71.6 ±
8.9 

2.3 ±
0.1 

Free Light orange 71.0 ±
2.8 

Orange 77.3 ±
2.1 

28.4 ±
8.6 

16.6 ±
1.7 

3.75 ±
0.05 

1.33 ±
0.07 

1.39 ±
0.07 

1.56 ±
0.08 

Plum              
Red Beaut 56.5 ±

8.4 
1.2 ±
0.3 

Cling Red 19.7 ±
2.9 

Yellow 89.0 ±
4.0 

27.2 ±
2.7 

12.7 ±
1.6 

3.30 ±
0.04 

1.46 ±
0.22 

1.53 ±
0.23 

1.71 ±
0.26 

Black 
Splendor 

87.6 ±
17.8 

1.3 ±
0.2 

Cling Black 8.6 ±
1.9 

Red dark 23.5 ±
2.0 

41.1 ±
5.0 

13.8 ±
0.7 

3.17 ±
0.03 

1.89 ±
0.13 

1.98 ±
0.14 

2.21 ±
0.16 

Plumcot              
0412-1 44.6 ±

28.8 
2.2 ±
2.3 

Cling Red 26.9 ±
1.3 

Light 
yellow 

90.8 ±
6.3 

33.2 ±
15.0 

13.6 ±
1.7 

3.22 ±
0.11 

1.81 ±
0.58 

1.90 ±
0.61 

2.13 ±
0.68 

0412-15 20.7 ±
2.6 

0.7 ±
0.2 

Free Violet 18.2 ±
0.3 

Light 
yellow 

81.9 ±
2.3 

27.6 ±
5.3 

14.1 ±
2.1 

3.45 ±
0.00 

1.79 ±
0.00 

1.87 ±
0.00 

2.10 ±
0.00 

0613-5 77.1 ±
6.0 

2.3 ±
0.3 

Free Red 27.6 ±
4.5 

Red dark 32.4 ±
8.9 

23.4 ±
8.5 

15.6 ±
0.3 

3.22 ±
0.07 

1.68 ±
0.29 

1.76 ±
0.30 

1.97 ±
0.33 

0613-6 54.8 ±
14.7 

1.9 ±
0.4 

Free Violet 17.3 ±
3.4 

Yellow 87.9 ±
2.0 

33.1 ±
9.6 

14.3 ±
0.1 

3.07 ±
0.04 

2.41 ±
0.35 

2.52 ±
0.37 

2.82 ±
0.41 

1313-10 53.2 ±
5.9 

1.8 ±
0.1 

Cling Violet 16.3 ±
1.0 

Orange 89.4 ±
1.6 

34.8 ±
3.1 

14.7 ±
4.0 

3.13 ±
0.11 

2.46 ±
0.15 

2.58 ±
0.15 

2.89 ±
0.17 

1413-8 50.3 ±
18.1 

1.9 ±
1.5 

Cling Violet 16.1 ±
3.4 

Orange 71.6 ±
2.8 

25.3 ±
9.6 

13.9 ±
1.6 

3.36 ±
0.04 

1.56 ±
0.12 

1.60 ±
0.11 

1.79 ±
0.12 

1114-3 50.59 ±
7.8 

2.9 ±
0.7 

Semi- 
cling 

Dark violet 19.6 ±
5.5 

Light 
yellow 

90.1 ±
4.6 

41.1 ±
17.4 

11.7 ±
1.5 

3.15 ±
0.10 

2.27 ±
0.18 

2.37 ±
0.19 

2.65 ±
0.21 

1114-7 73.7 ±
19.3 

3.4 ±
1.5 

Semi- 
cling 

Dark violet 16.2 ±
2.8 

Orange 69.3 ±
0.5 

54.4 ±
21.0 

11.5 ±
0.7 

3.08 ±
0.03 

2.21 ±
0.06 

2.31 ±
0.06 

2.59 ±
0.06 

1114-28 57.7 ±
1.7 

2.2 ±
0.1 

Semi- 
cling 

Orange 
(red) 

57.9 ±
14.4 

Light 
yellow 

85.8 ±
2.7 

44.3 ±
13.1 

14.7 ±
0.9 

3.27 ±
0.12 

2.17 ±
0.40 

2.28 ±
0.42 

2.55 ±
0.47 

1515-5 47.9 ±
10.6 

1.3 ±
0.2 

Cling Yellow 103.4 ±
1.4 

Yellow 96.2 ±
5.4 

10.4 ±
7.3 

10.1 ±
1.7 

3.51 ±
0.00 

1.29 ±
0.00 

1.35 ±
0.00 

1.51 ±
0.00  
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Ho=0.74) (Abdallah et al., 2019). 
The genetic relationships obtained in the present study show higher 

similarity between plumcots and apricots than with plum, placing 
plumcots in a distinct and differentiated cluster. This contrasts with 
previous results: Ahmad et al. (2004) positioned the only evaluated 
plumcot between the clusters generated by apricot and plum. On the 
other hand, Guerrero et al. (2022) found significant differentiation be
tween apricots and the rest of the evaluated genotypes, placing the 
putative interspecific plumcot hybrids indiscriminately with plums, 
pluots and other types of diploid plums (P. cerasifera and P. simonii). This 
suggests that the hybrid accessions evaluated are probably not 
plumcot-type hybrids, but rather resulted from repeated backcrossing 
with plum. 

S-alleles were successfully genotyped in all hybrids and their parents 
using consensus primers, which showed good transferability between 
species (Tao et al., 1999; Yamane et al., 2001; Sonneveld et al., 2006). 
All the interspecific hybrids exhibited one allele derived from the Jap
anese plum and another from the apricot, thus confirming that all the 
studied interspecific hybrids are true plumcots. These genotypes do not 
belong to the incompatibility groups described to date due to the com
bination of compatibility alleles from two different species (Guerra 
et al., 2012; Herrera et al., 2018). Guerrero et al. (2021) genotyped the 
S-alleles of putative plumcot hybrids, and the identified alleles only 
corresponded to S genotypes previously described in Japanese plum 
(Beppu et al., 2002; Halász et al., 2010; Guerra et al., 2012) and not in 
apricot (Herrera et al., 2018). 

Furthermore, most hybrids have segregated the Sc allele from 
apricot, which confers apricot self-compatibility (Vilanova et al., 2006; 
Halász et al., 2007), so they should a priori be self-compatible. However, 
pollen viability studies have shown androsterility in all the plumcots 
that flourished. This is consistent with the results obtained in various 

studies in which the majority of plumcots do not produce pollen or their 
pollen is not viable (Okie, 2005; Jun et al., 2009, 2011; Nam et al., 
2016), suggesting that interspecific hybridization causes androsterility 
in the offspring, which could explain why most plumcots were not very 
productive. 

The phenotypic characterization of the plumcot hybrids also 
revealed their interspecific nature. They showed characteristics ac
quired from apricot such as leaf morphology and pistil and fruit pu
bescence (present in apricot, absent in plum). The presence of 
pubescence on the ovaries and fruits of plumcot hybrids has been re
ported in numerous studies (Ledbetter et al., 1994; Okie, 2005; Jun 
et al., 2009; Zhivondov and Uzundzhalieva, 2012; Nam et al., 2016). 
Considered a dominant trait in interspecific crosses between Japanese 
plums and apricots (Jun et al., 2009), this could serve as a physical 
characteristic to distinguish a true plumcot from other types of hybrids. 
Hakoda et al. (1998) also obtained all of their offspring from interspe
cific hybrids between Japanese apricot (P. mume) and Japanese plum 
with fruit that had pubescence. Our results confirm that the presence of 
pubescence on ovaries and fruit skin is an unequivocal characteristic for 
verifying the “real” plumcots. 

Transmission of horticultural traits from apricot and Japanese plum 
to plumcot has been studied since the 1980s. The first studies evaluating 
different plumcot progenies clearly showed this transmission (Ledbetter 
et al., 1994). 

Ledbetter et al. (1994) also studied full flowering, vegetative bud 
break and fruit harvest dates in addition to pollen viability and fruit 
weight in the obtained plumcot descendants, showing that plumcot 
ripening dates and fruit weights were influenced by the parental apricot. 
Once again, this suggests the dominance of apricot genes in confirmed 
plumcots. The freestone trait is considered dominant in P. domestica, P. 
persica, P. armeniaca and recessive in P. salicina (Okie and Weinberger, 

Table 7 
PPV phenotyping of apricots, Japanese plums and plumcots to the type D isolate 3.30RB/GF-IVIA of plum pox virus, grafted onto infected ‘Adesoto’ plum rootstocks, 
during three vegetative cycles. N: Number of replicates correctly evaluated; Symp: Number of replicates showing sharka symptoms, in brackets (), mean intensity of 
symptoms scored from 0 to 5; ELISA: number of replicates positive by ELISA-DASI in brackets (), mean optical density recorded at 405 nm after 60 min; RT+: number of 
positive RT-PCRs.    

Cycle 1 Cycle 2 Cycle 3   
Adesoto Genotype Adesoto Genotype Adesoto Genotype 

Genotype N Symp Symp ELISA RT+ Symp. Symp. ELISA RT+ Symp. Symp. ELISA RT+
Apricot              
Mirlo Anaranjado 4 4 (2.0) 0 (0.0) 0 (0.079) 0 4 (2.2) 0 (0.0) 0 (0.068) 0 4 (2.2) 0 (0.0) 0 (0.091) 0 
Rojo Pasión 5 5 (2.2) 0 (0.0) 0 (0.106) 0 5 (2.6) 0 (0.0) 0 (0.065) 0 5 (1.8) 0 (0.0) 0 (0.085) 0 
(1001) 5-26 3 3 (3.3) 0 (0.0) 0 (0.053) 0 3 (2.7) 0 (0.0) 0 (0.107) 0 3 (1.7) 0 (0.0) 0 (0.063) 0 
Plum              
Red Beaut 6 6 (3.0) 6 (2.7) 6 (1.540) 6 6 (2.7) 6 (2.8) 6 (1.060) 6 5 (2.2) 5 (2.1) 5 (1.370) 5 
Black Splendor 4 4 (1.5) 4 (1.5) 2 (0.750) 4 1 (1.0) 0 (0.0) 0 (0.067) 0 3 (1.7) 1 (3.0) 1 (1.386) 2 
0112-11 3 3 (2.3) 2 (2.0) 2 (0.357) 2 1 (2.0) 0 (0.0) 0 (0.073) 0 2 (2.0) 0 (0.0) 1 (0.211) 1 
0614-5 4 2 (1.5) 4 (1.7) 4 (0.982) 4 1 (2.0) 1 (1.0) 1 (0.890) 1 1 (2.0) 0 (0.0) 0 (0.112) 1 
0716-5 4 4 (1.5) 0 (0.0) 0 (0.149) 2 3 (2.7) 0 (0.0) 0 (0.062) 0 4 (1.0) 0 (0.0) 0 (0.078) 0 
Plumcot              
0412-1 3 2 (2.0) 3 (2.3) 3 (0.671) 3 1 (1.0) 1 (2.0) 1 (0.134) 1 2 (1.5) 1 (3.0) 1 (1.981) 2 
0412-15 3 1 (3.0) 3 (2.0) 3 (0.333) 3 – – – – – – – – 
0613-2 2 1 (1.0) 0 (0.0) 1 (0.161) 1 2 (4.0) 2 (1.5) 2 (1.455) 2 1 (3.0) 1 (1.0) 1 (0.106) 1 
0613-5 4 2 (1.5) 4 (1.7) 4 (0.982) 4 1 (2.0) 1 (1.0) 1 (0.890) 1 1 (2.0) 0 (0.0) 0 (0.112) 1 
0613-6 3 2 (2.0) 3 (1.7) 3 (0.667) 3 2 (2.0) 0 (0.0) 0 (0.067) 0 2 (3.0) 0 (0.0) 1 (0.214) 1 
1313-10 5 4 (2.5) 4 (3.5) 5 (1.403) 5 3 (1.3) 2 (2.5) 4 (0.694) 4 3 (1.6) 3 (1.6) 3 (1.934) 3 
1313-24 4 4 (2.0) 3 (2.3) 4 (1.737) 4 3 (1.3) 2 (2.0) 2 (1.124) 2 2 (2.0) 1 (1.0) 1 (0.744) 2 
1413-8 2 2 (2.0) 0 (0.0) 1 (1.812) 1 3 (2.5) 1 (1.0) 1 (2.738) 1 2 (1.0) 0 (0.0) 0 (0.079) 0 
1114-3 4 4 (2.3) 0 (0.0) 2 (0.848) 2 3 (2.0) 0 (0.0) 0 (0.071) 0 2 (1.0) 0 (0.0) 1 (1.832) 1 
1114-7 5 5 (1.7) 5 (2.2) 4 (0.306) 5 3 (1.3) 0 (0.0) 0 (0.071) 0 3 (2.0) 0 (0.0) 0 (0.081) 0 
1114-28 5 4 (1.8) 4 (1.5) 4 (1.209) 5 3 (1.7) 0 (0.0) 0 (0.072) 0 1 (1.0) 0 (0.0) 0 (0.084) 0 
1315-17 3 2 (1.5) 0 (0.0) 0 (0.073) 0 2 (3.0) 0 (0.0) 0 (0.080) 1 3 (1.3) 0 (0.0) 0 (0.078) 0 
1515-5 6 5 (1.8) 6 (1.8) 6 (0.957) 6 3 (3.3) 3 (1.7) 2 (1.135) 2 3 (3.3) 2 (1.5) 2 (0.752) 2 
1515-26 5 3 (2.3) 4 (2.2) 4 (0.777) 4 2 (1.5) 0 (0.0) 0 (0.075) 2 – – – – 
0915-1 5 5 (2.0) 3 (1.70) 4 (0.507) 4 4 (1.7) 1 (1.0) 1 (0.206) 3 3 (2.0) 0 (0.0) 1 (1.005) 2 
0718-1 1 1 (2.0) 0 (0.0) 0 (0.128) 0 – – – – – – – – 
0119-5 1 1 (4.0) 0 (0.0) 0 (0.117) 1 1 (4.0) 0 (0.0) 0 (0.103) 0 2 (4.0) 0 (0.0) 0 (0.084) 0 
0119-6 3 3 (2.7) 0 (0.0) 0 (0.121) 1 2 (2.0) 0 (0.0) 0 (0.104) 1 2 (1.5) 0 (0.0) 0 (0.096) 0 
0119-10 5 5 (3.0) 5 (1.2) 3 (3.095) 5 3 (3.0) 1 (1.0) 1 (0.251) 1 2 (2.5) 0 (0.0) 0 (0.087) 0 
0119-16 4 4 (2.5) 2 (1.5) 1 (0.230) 3 2 (3.5) 0 (0) 0 (0.100) 0 3 (2.3) 0 (0.0) 0 (0.092) 0  
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1996; Scorza and Sherman, 1996; Okie and Hancock, 2008). The results 
obtained regarding stone adherence to the flesh in plumcots are 
consistent with those obtained previously, which have suggested that 
clingstone is dominant in interspecific crosses between Japanese plum 
and apricot (Jun et al., 2009). Higher levels of acidity in plumcots 
compared to apricot and Japanese plum have also been reported by Bae 
et al. (2014) and Jun et al. (2009). 

Regarding fruit quality, aromatic profiles from plumcot accessions 
more closely resemble apricot than plum profiles (Gómez et al., 1993; 
Gómez and Ledbetter, 1993). Gómez and Ledbetter (1997) found 
important differences in the volatile constituent profiles, and that the 
characteristic compounds of apricot aroma were much higher in apricot 
than plumcot. 

Regarding PPV phenotyping in plumcots, there are a very few studies 
that deal with sharka resistance. One precedent was in 2009, when 
Karayiannis and Ledbetter found that all plumcots were highly suscep
tible to PPV (Karayiannis and Ledbetter, 2009). Rubio et al. (2011b) 
obtained similar results, finding that the French selection ‘J300’ and the 
American ‘Flavor Supreme’ were susceptible to sharka. In a later work, 
Zhivondov (2012) obtained a P. domestica × P armeniaca hybrid called 
‘Standesto’ with tolerance to PPV. Other authors have reported the 
possibility of obtaining interspecific hybrids between P. domestica × P, 
armeniaca with PPV resistance through the hypersensitivity response 
(Neumüller et al., 2017), although these authors did not discuss plum
cots. In any case, the present work seems to be the first deep approach to 
sharka resistance in plumcots. 

The level of symptom expression shown by susceptible plumcots was 
similar to that observed in other works with plums and susceptible 
apricots (Martínez-Gómez and Dicenta, 2000; Rubio et al., 2011b). 

The molecular characterization of resistance to PPV, using the 
markers PGS1.21 and ParPMC2 (Soriano et al., 2012; Polo-Oltra et al., 

2020), has not been conclusive. However, the presence of the resistance 
allele could be the result of a decrease in susceptibility, with an 
important group of susceptible plumcots turning tolerant/resistant after 
the first phenotyping cycle. This behavior has already been reported by 
several authors (Karayiannis et al., 2008; Rubio et al., 2012) and has 
been linked to a mechanism of gene silencing of the virus. 

5. Conclusions 

Sharka disease is still a threat for most Prunus species, despite the fact 
that it was eliminated as a quarantine disease in the European Union. In 
our opinion, plumcots would be a good opportunity for markets. The 
high-quality fruits would satisfy consumers, and even more importantly, 
growers stand to benefit substantially from selected plumcots that are 
both self-fertile and sharka-resistant and can be used as future breeding 
lines. There are still challenges to solve in the inter-specific crossing, like 
androsterility or full resistance to PPV, as well as in determining the real 
characteristics of plumcots, thus avoiding the common mislabeling of 
‘plumcots’ that in reality are just plum-type fruits. 
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Table 8 
Overall behavior against PPV-D of the apricots, plums and plumcots, according to the number of observations correctly phenotyped (N); number of observations 
displaying sharka symptoms, in () mean intensity of symptoms; percentages of infected observations, ELISA and RT-PCR positive, after three phenotyping cycles. 
Molecular characterization by two markers (PGS1.21 and PMC2) linked to PPV resistance (marked in italics). Plumcots only evaluated in the first cycle are marker with 
an asterisk (*).  

Genotype N Symptoms Percentages Markers 
Infected ELISA + RT-PCR + PGS1.21 PMC2 

Susceptible        
Red Beaut 17 17 (2.5) 100 100 100 168/170 SS 
0412-15* 3 3 (2.0) 100 100 100 168/226 RS 
1313-10 12 9 (2.5) 75 100 100 168/207 SS 
0613-2 4 3 (0.8) 75 100 100 168/207 SS 
0614-5 6 5 (0.9) 83 83 100 168/170 SS 
0412-1 6 5 (2.4) 83 83 100 168/207 SS 
0613-5 6 5 (0.9) 83 83 100 168/170 SS 
1515-26 6 4 (1.1) 67 67 100 168/207 SS 
1313-24 9 6 (1.8) 67 78 89 168/207 SS 
1515-5 12 11 (1.7) 92 92 83 168/181 SS 
0915-1 12 4 (0.9) 33 50 75 168/181 SS 
Black Splendor 8 5 (1.8) 63 38 75 168/170 SS 
0119-10 10 6 (1.1) 60 40 60 168/226 RS 
0613-6 7 3 (1.4) 43 57 57 168/207 SS 
1114-28 9 4 (1.5) 44 44 56 168/226 RS 
0112-11 6 2 (2.0) 33 50 50 168/170 SS 
1114-7 11 5 (2.2) 45 36 45 168/226 RS 
0119-16 9 2 (1.5) 22 11 33 170/226 SS 
1413-8 7 1 (1.0) 14 14 28 170/226 RS 
Tolerant        
1114-3 9 0 (0.0) 0 33 33 168/207 SS 
0119-6 7 0 (0.0) 0 0 28 168/226 RS 
0119-5 4 0 (0.0) 0 0 25 170/226 RS 
0716-5 11 0 (0.0) 0 0 18 166/170 SS 
1315-17 7 0 (0.0) 0 0 14 168/226 RS 
Resistant        
Mirlo Anaranjado 12 0 (0.0) 0 0 0 207/226 RS 
Rojo Pasión 15 0 (0.0) 0 0 0 207/226 RS 
(1001) 5-26 9 0 (0.0) 0 0 0 226/226 RR 
0718-1* 1 0 (0.0) 0 0 0 170/226 RS  
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Rubio, M., Martínez-Gómez, P., García-Brunton, J., Pascal, T., García-Ibarra, A., 
Dicenta, F., 2012. Sensitivity of peach cultivars against a Dideron isolate of Plum pox 
virus. Sci. Hortic. 144, 81–86. https://doi.org/10.1016/j.scienta.2012.06.038. 
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