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Genetic improvement of temperate fruit and nut crops through conventional breeding methods is not sufficient alone due to its extreme time-consuming, cost-intensive, and hard-to-handle approach. Again, few other constraints that are associated with these species, viz., their long juvenile period, high heterozygosity, sterility, presence of sexual incompatibility, polyploidy, etc., make their selection and improvement process more complicated. Therefore, to promote precise and accurate selection of plants based on their genotypes, supplement of advanced biotechnological tools, viz., molecular marker approaches along with traditional breeding methods, is highly required in these species. Different markers, especially the molecular ones, enable direct selection of genomic regions governing the trait of interest such as high quality, yield, and resistance to abiotic and biotic stresses instead of the trait itself, thus saving the overall time and space and helping screen fruit quality and other related desired traits at early stages. The availability of molecular markers like SNP (single-nucleotide polymorphism), DArT (Diversity Arrays Technology) markers, and dense molecular genetic maps in crop plants, including fruit and nut crops, led to a revelation of facts from genetic markers, thus assisting in precise line selection. This review highlighted several aspects of the molecular marker approach that opens up tremendous possibilities to reveal valuable information about genetic diversity and phylogeny to boost the efficacy of selection in temperate fruit crops through genome sequencing and thus cultivar improvement with respect to adaptability and biotic and abiotic stress resistance in temperate fruit and nut species.
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Introduction

Traditional methods of genetic improvement of temperate fruit and nut crops that are generally propagated asexually face a dozen of problems which include a long juvenile phase, absence of seed, higher degree of intra- and interspecific incompatibility, frequent heterozygosity, sterile seeds, and particularly presence of certain specific traits in wild species only (Mehlenbacher, 1995). Natural processes and older tools for generating novel varieties or cultivars of plant species are being used in conventional/classical breeding techniques which are time-consuming, are labor-intensive, and often have less efficiency (Jain and Kharkwal, 2004). The term “molecular markers” refers to naturally occurring polymorphisms in nucleic acids (Thottappilly et al., 2000). A particular segment of the DNA (deoxyribonucleic acid) which represents variations at the genome levels comprises a molecular marker (Dhutmal et al., 2018). At the DNA level, polymorphisms are revealed by molecular markers and might be applied in many genetic studies. A gene or DNA sequence that has a well-known location on a chromosome and is linked to a specific gene or trait is called a genetic marker. It can be characterized as a variance that may result from a mutation or other noticeable modification in the genetic locus (Al-Samarai and Al-Kazaz, 2015). The development of high-throughput molecular markers and genetic maps facilitated the location of genes governing the agronomically important traits and may possibly help in boosting the breeding through MAS (marker-assisted selection). As compared with traditional breeding approaches, MAS is capable of surpassing the obscurity of phenotypic selection including significant efficiency of selection (Wani et al., 2022). A primary gene or several other genes governing an individual trait that is distributed in multiple chromosomal regions are known as quantitative trait loci (QTLs) (Igarashi et al., 2015). Molecular markers can be found at the position of a particular gene in prominent locations of the genome mapping (Raza et al., 2015). Molecular markers which are actually the nucleotide sequences are generally differentiated on the basis of polymorphism or variability present between these nucleotide sequences of different living beings (Nadeem et al., 2018). With the help of genetic marker patterns of heredity, variations in the genome, evolutionary analysis, and marker-assisted breeding can be done for the improvement of different crop species (Hayward et al., 2015).

The role of molecular markers for the characterization and improvement of various genotypic and phenotypic traits in temperate fruit and nut crops such as assessment of genetic diversity in almond, red skin color in apple, sharka disease resistance in apricot, and genome sequencing in almond has been extensively studied in the last few years (Lozano et al., 2014; Halasz et al., 2019; Mori et al., 2019; Alioto et al., 2020). Therefore, to overcome such difficulties, the implementation of radical and sophisticated tools of molecular breeding along with classical breeding would be an efficient and reliable alternative. The molecular marker approach is a viable option which selects desirable individuals in a breeding program based on the use of DNA markers rather than, or in addition, to their trait values. This review provides facts regarding several applications of molecular marker and omics approaches in temperate fruit and nut crop breeding in terms of their genetic improvement and cultivar development.



Genetic diversity assessment

Recent advances in molecular markers propose great possibilities to assess the genetic diversity in a vast range of germplasms (Nawaz et al., 2013; Nawaz et al., 2016; Wang et al., 2017). Genetic diversity estimation is very useful to study the plant evolution and in turn the comparative genomics of plants, for understanding the composition and construction of various populations (Liu et al., 2015; Nawaz et al., 2017). In recent years, a lot of research has been done for the assessment of genetic diversity in temperate fruit and nut crops via the molecular marker approaches (Table 1). Thurow et al. (2016) reported that a population genetic assessment of Brazilian peach breeding germplasm was determined using SSR (simple sequence repeat) markers, selected by their high polymorphism levels. This study was conducted in 204 desirable peach genotypes and is the first acumen of available peach genetic variability. Later studies laid the evidence of the population structure of peach to be exploited facilitating the genome-wide similarity and relationship studies. Lim et al. (2016) conducted a study using 5SSR markers that are highly polymorphic in nature, to report the genetic diversity among 160 strawberry accessions. They discovered 60 distinct alleles, with allele frequencies ranging from 0.006 to 1 and similarity ratings ranging from 0.034 to 0.963 (average: 0.507). There was frequent clubbing of accessions within a pedigree, and further study revealed a total of 30 unique accessions classified along with the existing accessions, allowing fruit breeders to develop strategies in order to assess genetic diversity present in the new cultivars.


Table 1 | DNA markers for genetic diversity assessment in temperate fruit and nut crops.



A similar study was conducted for estimating divergence in 30 sandy pear (Pyrus pyrifolia Nakai.) selections with 26 SSR markers. On the basis of SSR dendrogram data provided by Jan (2016), the selections were divided into two groups with four subgroups and one independent selection. The similarity coefficients ranged between 0.12 and 0.69, depicting a wide diversity due to the nature of genotypes and interspecific hybridization. A total of 48 cultivars and 54 wild accessions of Slovenian hazelnut (Corylus avellana) were evaluated for the genetic variability and subsequently the population structure using AFLP and SSR markers. These studies demonstrated higher levels of genetic diversity, with mean dissimilarity values of 0.50 and 0.60 for cultivars and wild accessions, respectively. There were 49 SSR markers and 11 AFLP primer combinations that produced 532 and 504 polymorphic fragments, respectively, showing high levels of genetic diversity. Additionally, these accessions were categorized for seven kernels and 10 nut attributes, with some wild accessions exhibiting breeding potential. In all, 49 SSRs were prominently linked with nut and kernel traits. Later studies by Öztürk et al. (2017) demonstrated the first application of association mapping in hazelnut and revealed that molecular markers are linked to significant qualitative features.

Genotyping by sequencing was adopted to determine the genetic diversity in Actinidia species, including the native A. arguta of Korea. As stated by Oh et al., later investigations cleared the path for kiwifruit breeding programs to generate cultivars employing A. arguta that are disease and cold stress tolerant and may be utilized as a base material for further breeding improvements (2018). A genetic diversity analysis of 1, 378 wild and cultivated grapevine accessions (Vitis vinifera L.) around Central Asia and the Mediterranean Basin was conducted employing 20 nuclear SSR markers in order to understand the possible events of domestication, gene flow, and adaptive introgression (Riaz et al., 2018). Using 14 ISSR primers, Wu et al. (2018) examined the genetic diversity and structure of 33 plum (Prunus spp.) cultivars grown in Southern China. They observed a total of 146 bands, 130 of which were found to be polymorphic. This indicates that there is frequent genetic exchange across closed subpopulations and existence of genetic diversity within the population.

By using molecular SSR markers and 110 amplified polymorphic markers for hierarchical cluster analysis of genetic variability, Patzak et al. (2019) assessed the genetic diversity within sweet cherry accessions of Czech genetic resources. The resulting dendrogram was in line with the ancestry and geobotanical traits of individual accessions, which were divided into five clusters. In order to assess genetic diversity metrics, characterize genetic differentiation, and investigate the mechanisms underlying the maintenance of population structure and genetic diversity in almond, 15 SSR loci were genotyped on 86 accessions of diverse ancestries (Halasz et al., 2019). Genetic divergence studies were examined in 17 clonal rootstocks (M9, MM106, MM111) of apple (Malus ×domestica Borkh.) using eight SSR markers, revealing that rootstocks were highly diverse as the SSR dendrogram data grouped rootstocks into two clusters with two-way similarity coefficients ranging from 0.00 to 0.32 (Syed, 2019).

The distribution of simple sequence repeat (SSR) motifs in two draft pecan genomes was examined in a study by Zhang et al. (2020). In pecan, PCR (polymerase chain reaction) amplification validated 66 SSR loci. In this work, it was discovered that 22 new development markers can be used to advance genetic research in the genus Carya. According to Nunziata et al. (2020), a group of cultivars were initially defined to assess the extent of genetic variation using random amplified polymorphic DNA (RAPD) markers for the purpose of varietal identification in European chestnut (Castanea sativa Mill.). Also, high-resolution melting (HRM) was employed for SNP mining inside 64 expressed sequence tags (EST) that involved all linkage groups and was validated by target resequencing. Genetic diversity estimation among 33 local Moroccan walnut (Juglans regia L.) trees which were compared with eight Bulgarian varieties belonging to an ex situ collection was studied employing ISSR markers, grown in two contrasted agroecosystems. In this study by using 13 primers, 120 ISSR markers (reproducible) were generated, demonstrating the high rate of polymorphism among genotypes with 7 to 13 bands and an average of nine bands per primer. According to these investigations, the overall polymorphism level (average) was 75.2%, with an average polymorphic informativeness content of 0.32 and a range of 0.212 to 0.370 (Houmanat et al., 2020). From these studies, it was concluded that ISSR markers were found to be more systematic in measuring the genetic diversity of walnut genotypes among two major areas in Morocco in comparison with foreign varieties as reported by Houmanat et al. (2020).

By using restriction site-associated DNA sequencing (RAD-seq) to sequence 168 apricot (Prunus spp.) accessions distributed in five ecological groups, Li et al. (2020) examined the genetic diversity and genetic relationships of these accessions. This study included 74 accessions of cultivated apricots (Prunus armeniaca L.) and 94 accessions of wild apricots (Prunus armeniaca L. and Prunus sibirica L.). This study provided authentic and relevant genomic resources to significantly promote apricot improvement and its effective utilization. Genome-wide diversity in peach germplasm in Spain has been explored by a new high-density (HD) Illumina peach SNP chip (9 + 9K). In this study, 9, 796 SNPs were used to genotype 90 peach accessions. There were 15 separate groups with genetically similar members found with the aid of identity-by-descent (IBD) estimate analysis. This study elucidated exchange of valuable germplasm among various regions of Spain for efficient management of the National Peach Germplasm Collection for preservation of genetic resources and benefit of impending genome-wide association studies (GWAS) of economically important fruit-related traits in peach as reported by Mas-Gomez et al. (2021). Although different DNA markers have been successfully used in estimation of genetic diversity as well as categorization of genetic material (Tiwari et al., 2013; Naeem et al., 2015; Wang et al., 2015), nowadays marker platforms particularly diversity array technology (DArT), as reported by Sanchez-Sevilla et al. (2015) for diversity analysis in octoploid cultivated strawberry (Fragaria × ananassa), are most commonly used for more efficient and reliable estimation.



Gene tagging

When a gene is at close proximity to a known genetic marker, it is termed as “tagged.” Since the genetic markers operate as “signs” or “flags” rather than as the target genes themselves, they represent the genetic variation between certain organisms or species. Gene “tags” are genetic markers that are present physically next to genes (i.e., closely related to them). Due to their proximity to or “linking” to the genes governing the trait, these markers do not affect the phenotyping of the trait of interest by themselves (Collard et al., 2005). Molecular markers are being extensively used for breeding of modern temperate fruit crops for the selection of desired phenotypic traits. There are several previous studies demonstrating the applications of molecular markers for gene tagging in temperate fruit and nut crops (Table 2). Chaney et al. (2015) studied various traits in pecan (Carya illinoinensis). Genomic areas containing EST sequences, conserved gene sequences from various plant species, and simple sequence repetitions were amplified using PCR. This study offers a foundation for characterizing germplasm and locating molecular markers connected to features of practical significance.


Table 2 | Traits of economic importance tagged with molecular markers in temperate fruit and nut crops.



As reported by Hale et al. (2018), in two different species of kiwifruit, viz., Actinidia arguta and Actinidia kolomikta, sex-linked polymorphism was investigated via the genotyping-by-sequencing (GBS) method and from where independent populations were validated from both the species which were then converted into PCR markers (gel-based) for marker-assisted breeding programs. In this study, a 157-bp GBS amplicon marker for Actinidia arguta was created, and it displayed absolute sex linkage throughout the entire series of the kiwifruit germplasm. In a similar way, a 161-bp marker for Actinidia kolomikta was created with specific male allele primers pertaining to a 3-bp indel in a 270-bp GBS fragment, which displayed absolute sex linkage. The sex screening estimations of seedling populations with higher throughput now frequently use both of the markers, which were validated in separate populations.

Marker analysis has been done for fruit firmness by screening of 40 genotypes of Malus × domestica Borkh. (apple) maintained at the Division of Fruit Science SKUAST-Kashmir. In this study, the Md-ACO1 and Md-ACS1 markers were adopted and it was found that there are two allelic forms of Md-ACO1 and Md-ACS1, which are amplified in the forms Md-ACO1-1, Md-ACO1-2, and Md-ACS1-1 and each having three allelic combinations as ACS1-1/1 and ACS1-1/2, ACS1-2/2 and ACO1-1/1, and ACO1-1/2 and ACO1-/2/2, out of which ACS1-2/2 and ACO1-1/1 confirm high firmness with low ethylene production. Out of the 40 genotypes, for Md-ACS1, three were found to be homozygous ACS1-2/2 which include Gala Redlum, Gala Mast, and Fuji Zhen Aztec and were found to be highly firm. For Md-ACO1, three genotypes were found to be homozygous ACO1-1/1, including Red Velox, Shalimar Apple-1, and Oregon Spur which were found to be firm (Rasool, 2018). MdSWEET genes governing the sugar accumulation with high expression in Malus × domestica Borkh. were identified by Zhen et al. (2018), through development of gene-tagged SSR and CAPS (cleaved amplified polymorphism sequence) markers which revealed considerable phenotypic variation, thereby serving as an efficient tool in apple-breeding programs for genetic improvement of fruit sweetness.

To determine the time of flowering in Prunus dulcis Mill. D.A Webb. (almond), 140 RAPD primers, 87 nuclear SSR markers, and five chloroplast SSR markers were used. The results of this study directly indicated that the trait is quantitatively inherited. This study is also applicable to other Prunus species as mentioned by Rasouli et al. (2018). Cantin et al. (2018) detected one new allele for the gene Dw determining brachytic dwarfism in Prunus persica (peach). The gibberellin-insensitive dwarf 1 (G1D1) gene underwent a single-nucleotide polymorphism (SNP) mutation that was described in this study. In peach breeding programs, this study was used as a marker-assisted selection tool and undertaken to verify this marker in the F2 population of the cultivar “Nectavantop.” Using PCR molecular techniques, Patzak et al. (2020) evaluated the S-incompatibility locus in 153 accessions of sweet Prunus avium L. (cherry), identifying 13 distinct S-alleles in 29 S-locus combinations for 24 distinct incompatibility groups. The most prevalent S-alleles in this investigation were S1 (60 cultivars), S2 (34 cultivars), S3 (88 cultivars), S4 (54 cultivars), and S6 (28 cultivars).

In a study by Garcia-Gomez et al. (2019), Prunus armeniaca L. (apricot) was examined for eight important fruit quality traits, viz., fruit diameter, fruit weight, stone weight, blush color, skin ground color, firmness, acidity content, and soluble solid content. QTLs associated with these traits were identified, and the biological validity of these QTLs was assessed using qPCR gene expression analysis. Xiao et al. (2019) studied candidate genes governing dwarfism in pear revealed by comparative transcriptome analysis. This study offered a systemic perspective on the intricate regulatory networks governing the dwarf and standard phenotypes of the pear. The genetic regulation of Persian walnut (Juglans regia L.) phenology, yield, and pellicle color was uncovered by Marrano et al. (2019). In this study, the most recent Axiom™ J. regia 700K SNP array was used to create genetic profiles using phenotypic data. Furthermore, these research findings made a turning point in Persian walnut breeding as it moved from traditional to genome-assisted breeding.

By creating advanced markers (SSR) for the repeat fruiting region, Lewers et al. (2019) reported evidence of epistatic suppression of repeat fruiting in cultivated strawberries. This trait in strawberry is under the control of a dominant allele at a single locus, which has been formerly mapped by numerous research groups. It was found that repeat fruiting is suppressed by two more genes, among which one is dominant and the other one is recessive. The European hazelnut (Corylus avellana) was studied by Frary et al. (2019) by combining phenotypic data of kernel and nut with the corresponding genotypic data resulting from 406 SSR marker alleles with association mapping of quantitative trait loci for the respective traits. This analysis resulted in the identification of loci for cultivar improvement and revealed the effect of domestication and subsequent selection on kernel and nut traits. In this study, 78 loci were found, with the largest percentages for the parameters of the kernel (26%) and nut (24%) followed by other attributes like shell thickness (16%), quality (19%), and yield-related (15%) attributes. The loci regulating fruit quality, phenology, and post-harvest quantitative characteristics in Prunus salicina Lindl. (Japanese plum) were investigated, as found by Salazar et al. (2020). By using two genome association QTL analysis methodologies, general linear model (GLM)-based single marker–trait association and multiple QTL model analysis, 23 phenotypic traits were assessed over three harvest seasons to find the best linear unbiased predictors (MQM). According to these investigations, the most important QTLs in LG (linkage groups) were 4 and 2, which were related to the fruit weight and fruit developmental periods, respectively. In contrast, it was noted that small QTLs for fruit firmness evolution were validated in LG 4 and 5 using destructive and non-destructive approaches. In the existing and next breeding efforts for Prunus salicina, this study will offer useful information for MAS. Prunus arabica (Olivier) Meikle is a wild species of almond where there is assimilation of CO2 at greater levels by its green stem in the winter period on comparison with Prunus dulcis cv. Um el Fahem (U.E.F.) improving rates of carbohydrates in the dormant period. While unrevealing the inheritance pattern along with the mechanism for stem photosynthetic capability (SPC) in Prunus arabica, an F1 segregating population has been developed through crossing between Prunus arabica and Prunus dulcis cv. Um el Fahem (U.E.F.). The whole genome of both the parent plants has been sequenced, and with identification of 4, 887 informative SNPs for genotype assessment. There was the generation of a genetic map (robust) for Prunus dulcis cv. Um el Fahem (U.E.F.) and Prunus arabica involving (971 and 571 markers, respectively). Through mapping via QTLs (quantitative trait loci) and an association study (AS) with the phenotype for SPC, it was found that there were major QTLs [log of odd (LOD) = 20.8] upon chromosome number 7 and another minor (significant) upon chromosome number 1 (LOD = 3.9). This study investigated the physiology of the SPC trait in almond nut crop to breed varieties acquainted to winter temperature (Brukental et al., 2021). These studies indicate that the evolving gene-tagged markers are quite efficient to explore the functionality of genes and can be directly employed in temperate fruit and nut breeding programs in case of any association with horticultural traits of interest.



Gene mapping

Another important subject of molecular marker utility is the preparation of molecular maps that help in identifying genomic regions controlling the horticultural important traits in temperate fruit crops. On the basis of markers of phenotypic nature, traditional linkage mapping allocates a specific location of genes for a desired chromosome. Based on cytogeny, there can be localization of genes for a specific band of chromosomes like association of the improved phenotype through deleting a desired band of chromosomes. Vast areas of a chromosome require the molecular marker approach for mapping in case of a specific type of special restriction endonucleases which check the specific sites as per intervals that are non-frequent. Into those fragments, subdivisions can be made and mapping can be done via endonucleases of traditional origin. Also, the contig type of maps locates desired genes with a specified fragment for precise gene mapping. The large-scale mapping of genes is shown in Figure 1. The principle behind gene mapping is the chromosomal recombination during meiosis, which results in the segregation of genes (Nadeem et al., 2018). Till date, QTL mapping and genome-wide association studies have successfully been implemented for mining several desirable alleles in a diverse range of crops and fruits species (Samantara et al., 2021). An overview of the QTL mapping is depicted in Figure 2. A vast range of linkage maps has been constructed in various temperate fruit crops employing the molecular marker approach (Table 3). Wang et al. (2015) created a mapping population from ‘Wanhongzhu’ and ‘Lapins’ and, moreover, constructed a linkage map in commercial sweet cherry along with QTL analysis for trunk diameter. This study used the SLAF sequencing technique (specific locus-amplified fragment) that included an SNP (single-nucleotide polymorphism) platform that produced 701 genotypic assays, together with 16 SSRs and the S (incompatibility) gene to prepare a map that covered 849.0 cM of distance involving eight LGs with a mean distance of 1.18 cM and had few gaps longer than 5 cM (centimorgan). This map demonstrated that four loci, corresponding to three distinct LGs (linkage groups), are responsible for controlling trunk diameter. This high-density map favors better-resolution identification of QTLs for horticultural important traits and speeds up improvement of sweet cherries. A genetic linkage map of Castanea crenata Sieb. Et Zucc. (Japanese chestnut) was prepared by Nishio et al. (2018) using two breeding populations, viz., ‘Kunimi’ and ‘709-034 (Kx709) and ‘Porotan’ and ‘Tsukuba-43’ (Px43). In this study, maps of four parents along with two integrated ones were constructed employing 443 SSRs and 554 SNPs. Out of which, Kx709 was the most saturated map involving 12 LGs, covering 668 and 1 cM, with an inter-distance of 0.8 cM. By using anchor SSRs, all the six maps were aligned to a Chinese chestnut consensus map. Eight agronomic traits were evaluated to identify molecular markers associated with them and at least one QTL was detected for each of the traits. With the help of this map, it was revealed that these mapping populations and their parents are essential material for Japanese chestnut breeding programs with these QTLs to be used for MAS to improve breeding programs. In the Japanese plum (Prunus salicina L.), Carrasco et al. (2018) created a linkage map that was intensely saturated utilizing GBS for SNP calling, the mapping population (Angelenox aurora), and the identification of 49, 826 SNPs while using the V2.1 peach genome as a reference. After rigorous filtering, 137 (Angelenox aurora) offspring revealed about 1, 441 SNPs of high quality that were mapped in eight linkage groups. An inter-distance of 0.96 cM was created utilizing 732 SNPs spanning 617 cM to create a consensus map. This map revealed a greater degree of collinearity and synteny between the genomes of peach and Japanese plum.




Figure 1 | Large-scale gene mapping.






Figure 2 | An outline of mapping of genes/QTL in fruit crops.




Table 3 | Development of molecular maps in temperate fruit and nut crops.



Aradhya et al. (2018) built a fine-scale genetic linkage map with 2, 220 SNPs in 16 linkage groups with a mapping population, spanning 1, 141.1 cM, deciphering genomic regions governing economic traits viz., yield, lateral fruitfulness, harvest date, nut weight shell thickness, and kernel fill in walnut (Juglans regia). At LG 1, two to three pleiotropic QTLs were in charge of controlling the thickness of the shell, nut weight, and kernel fullness. QTLs showed a negligible impact on such trait expressions, as seen by their tiny positive cumulative effects for shell thickness, harvest date, and nut weight and minor negative cumulative impacts for kernel fill. Using the Gulcan-2 × Lauranne mapping population, an SSR-based linkage map for almonds was created. The consensus map has 168 markers spread across eight LGs. According to this study, there were 13 mapped markers (LG 6) and 31 markers (LG 2), and the length of the LGs ranged between 47.8 cm (LG 6) and 84.6 cm (LG 1), with a mean distance of 3.1 cm. This study came to the conclusion that this map served as a foundation for the development of markers associated with critical almond features after the completion of the phenotypic data, as reported by Paizila et al. (2019).

Using the ddRAD (double digest restriction-associated DNA) sequencing approach, Hossain et al. (2019) was able to identify 13, 181 SNPs for the development of a high-density linkage map and QTL mapping for runner production in Fragaria × ananassa (octaploid strawberry). Mendelian segregation was detected in 3, 051 SNPs in F1, among which 1, 268 were linked to 46 linkage groups covering 2, 581.57 cM with a 2.22-cM intergenic distance. In addition, seven QTLs were found for runner production, the LOD values of which ranged between 3.5 and 7.24 and phenotypic variances of 22–38%. From this research, it was concluded that both vegetative and reproductive behaviors of strawberry could be determined and can serve as a tool for breeding targets regarding flowering and runner production. Zhang et al. (2019) crossed two Chinese cultivars, “Chuanzhihong” and “Luotuohuang, “ along with a recently built reduced representation library, to create a high-density linkage map and QTL analysis for pistil abortion in Prunus armeniaca L. (apricot). A total of 12, 451 polymorphic markers were created for this map using resequencing data; the final map was composed of eight linkage groups with 1991 markers encompassing 886.25 cM, with a mean distance of 0.46 cM. This is the most detailed genetic map of the apricot currently available. This map was used in this study to identify the QTL responsible for apricot pistil abortion by analyzing the central regions of LG 5 (51.005–59.4 cM) and LG 6 (72.884–76.562 cM), which contained nine SLAF markers that were strongly associated with pistil abortion. It was determined by this analysis to be a very valuable connection map. This study deciphered that it is a quite valuable linkage map for identifying QTLs related to different agronomic traits in apricot and the well-organized markers are useful for molecular breeding of apricot.

Han et al. (2019) created an integrated linkage map of Korean pears (Pyrus hybrid) as per the pseudo-chromosomes of the reference genome of the Chinese pear known as “Dangshansuli” (Pyrus bretschneideri), using GBS-based SNPs and SSRs with consensus maps for “Whangkeumbae” and “Minibae” that contains 321 SNP and 30 SSR markers with 1511.1 cm with an average genetic distance of 4.3 cm. This consensus map was compared to other apple and pear maps using 30 SSR markers in total. According to the results of this investigation, SSRs coming from pear and apple maps exhibit strong synteny. With the help of pseudo-chromosomes and SNPs, 17 linkage groups of this genus’ physical length were revealed, and genome-based regions that were discovered by QTL analysis were annotated. The genotyping by sequencing-based SNPs integrated with SSRs provide a description of the genome structure of the Korean pear resources serving as a reference map. A high-density linkage map was constructed in apple (Malus × domestica Borkh.) employing the ‘Fuji’ × ‘Red 3’ population with homozygous alleles R1R1 and R6R6, respectively, by Yang et al. (2020). The linkage map contains 7, 630 SNPs that distinguish between “Fuji” and “Red 3, “ of which 3, 903 and 3, 925 were mapped into the linkage groups of the parents, respectively, the male and the female. The number of “Fuji” SNP markers for the female parent linkage group ranged from 108 to 366, with a mean of 231. The distance between all linkage groups ranged between 70.17 and 168.23 cM, with a mean value of 109.14 cM. Each linkage group’s SNP count ranged from 58 to 434 for the male father “Red 3, “ with an average of 230. Each linkage group’s distance ranged between 72.11 and 227.10 cM, with a mean distance of 140.26 cM. With 17 linkage groups and a mean density of 0.30 cM per marker, the consensus map covered 2, 270.21 cM. With 0.19 cM per marker, LG10 exhibited the lowest heterozygosity, whereas LG17 displayed a high level of heterozygosity at 0.73 cM per marker, according to this map. The SNP density of other 15 LGs ranged between 0.21 and 0.48 cM.

In order to discover loci determining the firmness of the berry in grapes, a high-density genetic map with 19 linkage groups, 1, 662 bin markers including 26, 039 SNPs, spanning a total distance of 1, 463.38 cM, and an inter-marker distance of 0.88 cM was generated (Vitis vinifera L.). Four potential genes related to abscisic acid (ABA), endoglucanase, and transcription factors were linked in this study to berry hardness. Using qRT-PCR research, it was discovered that Muscat Hamburg had higher levels of the endoglucanase 3 gene and abscisic-aldehyde oxidase-like gene expression at the veraison stage than Crimson Seedless, which was consistent with the parent berry firmness. The above two genes were found to be the candidate genes determining berry firmness in grapes as reported by Jiang et al. (2020). In the sweet cherry (Prunus avium L.) ‘Vic’ × ‘Cristobalina’ F1 population, QTL mapping of phenolic substances and that of cherry fruit color was done by Calle et al. (2021) using 6 + 9K SNPs, 910 SNPs (Vic), and 789 SNPs (Cristobalina) array genetic map with a map distance of 636.7 cM (Vic) and 666.0 cM (Cristobalina). These studies reflect that the genetic linkage maps play a vital role to explore the genetic control of important traits and serve as a DNA-based diagnostic tool in future for marker-aided breeding techniques.



Abiotic and biotic stress tolerance

Molecular markers have made it possible to impart abiotic and biotic stress tolerance in temperate fruit and nut crops by tapping resistant genes from their wild relatives and incorporating them into commercial cultivated varieties, thereby reducing the yield losses due to various stresses (Table 4). Zhu et al. (2015) built a high-density genetic map of anthracnose resistance in walnut according to specific AFLP markers (total 153, 820), out of which 2, 577 markers were employed to build genetic linkage maps (448 for male, 2, 395 into 16 LGs for female map, and 2, 577 for integrated map). By considering the range of all LGs, the marker coverage for the integrated map was 2, 457.82 cM, with an average interval of 0.95 cM. In addition, 5, 043 SNP loci correspond to two SNP loci per SLAF marker. In this study, for identifying anthracnose resistance, QTLs were detected ranging from 165.51 to 176.33 cM on LG 14. The phenotypic variation in this study varied from 16.2 to 19.9% with LOD scores (logarithm of odds) (3.22 to 4.04). This study is a base for aiding molecular marker-assisted breeding for identification of walnut resistance gene. A study was described by Montanari et al. (2016) who detected a QTL on LG 2 using a previously conducted genetic map published in 2013 with SSR and SNP markers for the segregating population of PEAR3x ‘Moonglow’. This QTL corresponds with the QTL for fire blight disease resistance earlier found in ‘Harrow Sweet’ (Le Roux et al., 2012), additionally giving an insight that these two favorable alleles were not identical by descent. In this study, few little effect QTLs were identified from susceptible parent PEAR3. This study proposed that the SNP and SSR markers were linked to the higher effect QTL on LG2 candidates for MAB for resistance of pear fire blight disease. Lenz and Dai (2017) mapped X-disease phytoplasma resistance in Prunus virginiana, employing chokecherry consensus map “Cho” containing 16 LGs covering 2, 172 cM with average marker density of 3.97 cM. Also, three QTLs were associated with this trait, accounting for about 45.9% of phenotypic variation. This study deciphered a framework for genomics, molecular genetics, and further breeding aspects for X-disease resistance in Chokecherry and other Prunus species. Ink disease resistance in European chestnut was imparted by Santos et al. (2017) through an approach involving construction of a genetic linkage map from Castanea sativa × Castanea crenata for detection of QTL for this trait. In this study, chestnut populations were genotyped with 452 SNPs and microsatellites derived from available chestnut transcriptomes. Non-parametric approaches and composite interval mapping identified two QTLs in two LGs, E and K. The presence of QTL in LG E is in accordance with a previous study by Santos et al. (2015) in American × Chinese chestnut populations, depicting the presence of a defense system throughout the species. From the above research, it was concluded that genomic resources of Castanea genus act as a tool for future breeding aspects.


Table 4 | DNA markers for abiotic and biotic stress tolerance in temperate fruit and nut crops.



For regulating abiotic stresses, viz., drought, salinity, and stresses due to ABA, in apple (Malus ×domestica Borkh.), the MdDREB2A transcription factor from the AP2/ERF family has been isolated from cultivar ‘Royal Gala’. By using quantitative reverse transcription polymerase chain reaction (qRT-PCR), it was found that the length of the open reading frame is 1, 197 bp encoding a 398-long amino acid chain protein with a molecular weight of 43.8 kD (Lian et al., 2021).

The fruit export can be easily facilitated with implementation of advanced molecular techniques to improvise the pest diagnostics in a faster way via polymerase chain reaction (PCR) and latest techniques of sequencing. The larvae of codling moth Cydia pomonella (Linnaeus) (Lepidoptera: Tortricidae) were found in a pack house of cherry Prunus avium (L.) being differentiated via PCR compared to various other internal fruit moth larvae, viz., the oriental fruit moth, Grapholita molesta (Busck) (Lepidoptera: Tortricidae); lesser appleworm, G. prunivora (Walsh) (Lepidoptera: Tortricidae); cherry fruitworm, G. packardi (Zeller) (Lepidoptera: Tortricidae); and filbertworm, Cydia latiferreana (Walsingham) (Lepidoptera: Tortricidae). Also, there is conformity of identifying pests via amplicon sequencing (301 bp) part of the (COI) gene obtained via PCR in the DNA of suspected moth through comparison with other (COI) gene sequences from the rest of the internal fruit borers in fruits of the pome group. This study was conducted for meeting phytosanitary aspects to export fruits globally (Yokomi et al., 2021).

Resistance against powdery mildew was identified by Cockerton et al. (2018) using genotypes from two phenotyped bi-parental mapping populations, “Emily” × “Fenella” and “Redgauntlet” × “Hapil, “ to present quantitative trait loci in Fragaria × ananassa (strawberry). Multiple QTLs were found in this study, and six of them demonstrated a level of persistent resistance across different phenotyping events. It was examined whether found QTL showed close linkage to associated genes for resistance in the larger germplasm after the identified QTL was subjected to screening across an evaluation set. This study showed that quantitative resistance develops across the strawberry germplasm via several predominantly additive sources. An investigation was carried out to document and characterize the apple germplasm comprising 40 apple cultivars in which molecular characterization was performed for scab resistance using AL07 (codominant primer) and AM19 (dominant primer), and the results obtained with primers confirmed the presence and absence of the Vf gene. It was also found that AL07 (codominant primer) are helpful to discriminate homozygous from heterozygous plants for the Vf gene as analyzed by Rasool (2018). As reported by Baro-Montel et al. (2019), resistance to brown rot disease caused by Monilinia spp. in stone fruits as explored in an interspecific almond ‘Texas’ × peach ‘Earlygold’ population (named T1E) was identified. This study revealed that ‘Texas’ is a resistant source for brown rot disease and many quantitative trait loci were detected in various linkage groups, but two proximal QTLs were identified in G4, accounting for 11.3–16.2% of phenotypic variation. Hence, a MAS-based strategy is needed to incorporate this trait into the susceptible parent peach with other desirable traits for sustainable crop production.

The variations in the rates of downy mildew resistance of various Chinese wild grapevine were identified by Zhao et al. in 2019. In this study, in vitro leaf disc testing was used to assess the level of downy mildew resistance, and RT-qPCR (quantitative reverse transcription polymerase chain reaction) was used to determine the expression pattern of various important genes following Plasmopara viticola inoculation. Using 30 pairs of SSR markers, 120 grapevine germplasm resources were chosen, showing a disease index range of 0.00 to 78.70. The RGA9 marker was a standard marker that, among other markers, expressed the highest phenotypic variation of 80.83% that may be used in the generation of disease resistance, providing the basis for widespread as well as rapid discovery of downy mildew disease resistance in many organisms. Mori et al. (2019) reported that resistance to sharka disease in apricot was identified by comparing phase-constructed susceptible and resistant haplophytes of ‘Lito’ and Chromosome 1 along with assessment of candidate genes. A pseudo-test cross-mating design with 231 individuals was followed to discover the fact that the ‘Lito’ genotype had heterozygosity for the resistance that has been used to map a significant QTL on LG 1. Additionally, this analysis included 19 SNP markers that covered 236 kb of chromosome 1 in total. A BAC (bacterial artificial chromosome) library for the ‘Lito’ cultivar was created, and markers for the area were used to screen it. Positive BAC clones were then sequenced. The whole genome of the given cultivar was sequenced for refinement for a high coverage using PacBio technology, deciphering a detailed analysis of the genes in the QTL region. This cultivar drastically distinguished structural variants between two haplophytic regions and also predicted specific allelic expression leading to mining of the PPVres locus. Therefore, a valuable prediction method has been developed to study the substitute transcription and regulatory mechanisms underpinning PPV resistance.

Oliveira et al. (2020) conducted a study for resistance to Ceratocystis wilt in kiwifruit cultivars, employing 46 isolates with 14 SSR markers for genotyping. Among 14 markers, 13 were polymorphic and 26 genotypes were identified. On susceptible cultivar, 14 prominent genotypes were tested for identification of aggressive ones, eventually by inoculating an equal mixture of five of the most aggressive ones for evaluating seven resistant types, viz., Red Arguta, Green Arguta, Chieftain, Allison, Hayward, Monty, and Tomuri, which could be used as rootstocks for future programs. The powdery mildew-resistant (Vr3) gene in peaches was mapped to a genome area of 270 kb containing 27 identified genes to get molecular markers strongly connected to this gene. The results of this study’s analysis revealed that there was a difference in the expression of a gene known as Disease Resistance Protein RGA2 (Prupe2G111700) or Eceriferum 1 protein resulting in biosynthesis of epicuticular wax (Prupe2G112800) between resistant and susceptible individuals. Only Prupe2G111700 contains a variant that has an adverse impact on the protein encoded, which showed overexpression in both homozygous and heterozygous individuals. With the help of this study, molecular markers tightly linking and flanking the Vr3 gene could be identified and validated as reported by Marimon et al. (2020). Terakami et al. (2021) developed the SSR marker set, viz., Mdo.chr11.27 and Mdo.chr11.34, for efficient selection for black spot disease resistance in pear breeding by performing inoculation tests and genotyping with 207 pear cultivars. In addition to this, with the molecular marker approach, pyramiding multiple resistant genes into the host plant with accelerated breeding programs provide durable and broad-spectrum resistance for further research in temperate fruit and nut breeding programs.



Genome sequencing

The ultimate goal of genomics is sequencing of the whole genome and understanding of the function of each gene. For both functional genomics and breeding programs in fruit crops, the publication of a dozen genomes represents a milestone. This review provides some insights regarding various genome sequencing projects in temperate fruit and nut crops employing the molecular marker approach (Table 5). Along with high-throughput sequencing technology, rapid advances have revolutionized the manner and scale of genomics in temperate fruit and nut crops. Employing shotgun sequencing of a nearly homozygous genotype (cv.PN40024) which was originally derived from Pinot Noir by a French-Italian public consortium, the first 8X version of the Vitis vinifera genome sequence was obtained and was the first sequenced fruit crop (Jaillon et al., 2007). The presence of the grape genome sequence with a haploid chromosome number of 19, containing 490 Mb with 30, 000 protein-coding genes, is causing a rapid increase in Vitis genetic research by providing tools for genetic improvement to grow well with stresses like diseases and pests while maintaining specific fruit composition and a new research framework, which was confirmed by Martinez-Zapater et al. (2010).


Table 5 | Status of sequencing projects in temperate fruit and nut crops.



A significant scientific milestone was reached for Malus × domestica Borkh. variety Golden Delicious in 2010 with the publishing of the first drought whole-genome sequence (WGS), which had a genome size of 742 Mb (Velasco et al., 2010). As the first reference for sequencing data, precise mapping, gene discovery, variation finding, and tool creation, this WGS, v1.0, proved useful. The reference genome for apples is now GDDH13v1.1, a fresh, high-quality whole-genome sequence for apple that was published in 2017. These whole-genome sequences of apple have a significant effect on understanding the biological functioning of apple, its trait physiology, and subsequently its inheritance, which find practical applications for enhancing this high-value crop, as stated by Peace et al. (2019), with immense potential for crop improvement. The genome sequencing of Prunus persica L. Batsch (peach) has just lately been made accessible to the scientists and researchers. With its short juvenile period (2–4 years) and self-mating design, the peach’s short (230 Mbp), simple, diploid distribution on eight pairs of chromosomes provide a great way to build a robust sequence of its entire genome, which improves the way for the rapid development of genomics in peaches (Arus et al., 2012). Guo et al. (2020) gave an integrated structural map of the peach genome with 202, 274 SVs (structural variations) which influence 2, 268 genes. Using genome-wide association studies, 26 horticultural traits with the help of those SVs detected various candidate variants, viz., 9-bp insertion in Prupe.4G186800 (encoding NAC transcription factor) for early bearing and 487-bp deletion with the PpMYB10.1 promoter for flesh color around the stone. In addition, 1.67 MB inversion relates to fruit shape and a gene adjacent to inversion breakpoint, PpOFP1, relates to flat shape type.

Fragaria vesca (woodland strawberry; 2n = 2x = 14), a herbaceous perennial with a genomic size of 240 MB, is highly specific to genetic transformation and shares a large sequence identity with Fragaria × ananassa (the cultivated strawberry). Through gene prediction modeling which is supported by transcriptome mapping, almost 34, 809 genes have been identified. These genes are valuable to critical horticultural traits like nutritional values, flavor, and flowering time. The strawberry sequence is diploid, whereas other rosids’ massive genomic duplications are absent (Shulaev et al., 2011). The assembly and annotation of the Fragaria ×ananassa (octoploid strawberry) genome have been completed in cultivar “Camarosa, “ with an average genome size of 813.4 Mb (Hirakawa et al., 2014). A high-quality reference genome is required for the octaploid strawberry in order to properly utilize it as a model system for investigating allopolyploidy and to provide a platform for discovering physiologically and horticulturally significant genes and using genome enabled breeding techniques (Collard and Mackill, 2008).

Using second-generation sequencing technology, Chagné et al. (2014) presented a dwarf assembly of the Pyrus communis (European pear) ‘Bartlett’ genome from single-end, 2- and 7-kb insert paired end reads using Newbler (v 2.7). This assembly included 142, 083 scaffolds longer than 499 bases, with a maximum scaffold length of 1.2 Mb, spanning 577.3 Mb, and its re-sequencing of the samples “Old Home” and “Louise Bonne de Jersey” allowed the detection of 8, 29, 823 potential SNPs. About 2, 279 genetically mapped SNPs anchor 171 Mb of the assembled genome. This study revealed that the draft assembly ‘Bartlett’ v 1.0 is an incredible tool for detecting important horticultural traits in Pyrus enabling marker-assisted and genomic selection for speeding pear breeding progress. To discover target genes and additional unknown genes, in Persian walnut (Juglans regia L.), the genome sequence was obtained from cultivar ‘Chandler’. Using two methods, viz., SOAPdenovo2 and MaSuRCA, a genome of the size 667 Mbp was congregated having an N50 scaffold size of 464, 955 bp (according to the genome size of 606 Mbp), 37% GC content, and 221, 640 contigs. The walnut genome sequence provides information to boost the breeding and favor the complex traits in genetic dissection as reported by Martinez-Garcia et al. (2016). In a recent study by Marrano et al. (2020), Chandler v2.0 (the new chromosome level assembly of the reference genome for walnut) was obtained employing combination of Oxford Nanopore long-read sequencing with Hi-C (chromosome conformation capture) technology. In comparison with the former reference genome, the new assembly possesses a 84.4-fold increase in N50 size and assemblage of 16 chromosomal pseudomolecules, accounting for 95% of the total length. With this Chandler v2.0, walnut biology can be better explored for future breeding aspects.

Alioto et al. (2020) attempted the genome sequencing of Texas, a highly heterozygous cultivar of almond (Prunus dulcis). From about 238-Mb estimated size of the almond genome, genome assembly of 227.6 Mb was obtained, from which 91% is clamped to eight pseudomolecules leading to its haploid chromosome constituent, elucidating about 27, 969 coding genes (protein) and 6, 747 non-coding transcripts. According to a phylogenomic analysis of 16 genomes of other nearby and far-off species, the almond and peach diverged roughly 5.88 million years before. With 20 nucleotide substitutions per kilobase, these two genomes exhibit remarkable sequence conservation and strong collinearity. Transposable elements (TE) have evolved into a variety of presence/absence variants between peach and almond, depicting a recent history of the movement of TE looks markedly between them, suggesting that TE share an important role in the history and diversification of peach and almond. This study revealed that TE have evolved into a variety of presence/absence variants between almond and peach. A high-quality reference genome has been elucidated by Jiang et al. (2019), using long-read single-molecule sequencing with 40.46 Gb, corresponding with a genetic map for chromosome scaffolding. The assembled genome covers 221.9 Mb, with a contig NG50 size of 1.02 Mb. In over eight chromosomes, scaffolds spanning 92.88% of the assembled genome were anchored. This study concluded that this highly contiguous reference genome of Prunus armeniaca will elucidate Rosaceae family evolution for future breeding endeavors by identifying agronomic traits of interest for further improvement. Based on PacBio long reads and Hi-C data, Wu et al. (2019) built a revised chromosome-level reference genome of A. chinensis (v3.0), which is 653 Mb long and contains 0.76% heterozygosity. At least 43% of the sequences in this genome repeat, and the most prevalent long terminal repeats, which make up 23.38% of the unique genome, have also been found.

Wohner et al. (2021) drafted chromosome-level genome assembly of tetraploid ground cherry (Prunus fruticosa Pall.) with 366 Mb comprising eight chromosomes to pave a way for breeding, molecular, and evolutionary studies in Prunus. With this research, it was suggested that molecular assessment of diverse genetic traits can be done for further breeding and evolutionary studies. In addition to this, advances are required to upgrade the basic nucleotide sequences in the genome of different temperate fruit crops as summarized by Peace et al. (2019), in apple with a view to improve the reference WGS (whole-genome sequencing) genome ensuring its accuracy and completeness so as to mark all the suspicious regions identified while comparing the WGS with high-quality genetic linkage maps. Also, advances in genome sequencing are required by devising a gene atlas of different temperate fruit and nut crops to describe the functions and relationships of different genes to explore the role of various putative protein-coding genes which are unknown.



Omics approach in temperate fruits and nuts

Over the recent decades, the advent of several omics approaches has proven to be highly beneficial against different biotic and abiotic stress responses by developing novel crop species through modification of the genetic and molecular pathways via alteration of DNAs, transcripts, proteins, metabolites, and mineral nutrient levels (Muthamilarasan et al., 2019). The analysis of transcriptome, metabolome, and proteome profiles promotes insights on several functional roles of different genes. It also assists in identification and quantification of transcripts, non-coding RNAs, and pathways that are concerned with fruit traits such as sugar metabolism, their developmental and ripening process, shelf life, quality characteristics, and resistance mechanism under adverse physiological and environmental stresses (Zheng et al., 2021). Overall, the integrated omics approaches, viz., genomics, transcriptomics, metabolomics, and proteomics, could elucidate precise genomic information and may offer further opportunities for their genetic alteration via gene engineering tools like CRISPR (clustered regularly interspaced short palindromic repeats) and RNAi (RNA interference), in terms of better fruit quality and production through accelerating the long breeding generations (Mathiazhagan et al., 2021). Currently, GAB (genomics-assisted breeding) has tremendous utilization in terms of addressing better quality, yield, and several biotic and abiotic stress (drought and salt) resistances (in a wide range of crop species; Ganie et al., 2021; Wani et al., 2022). Also, several applications of omics platforms have been implemented in the way of different fruit improvements. For instance, a comparative transcriptomics study between unripe and ripe berries of grapevine demonstrated several ripening-linked secondary metabolisms, viz., anthocyanins (Wu et al., 2014), proanthocyanidins (Carrier et al., 2013), and volatile compounds (Cramer et al., 2014). A transcriptome analysis of Chinese pear showed high variation of gene expressions during the developmental phase of tissues and fruits (Xie et al., 2013). In strawberry, a multiomics approach revealed the association of different genes regulating volatile organic compounds behind the flavor characteristics of its berries (Fan et al., 2022). A comparative transcriptome analysis among several apple verities exhibited 34 genes regulating the anthocyanin contents which are associated with preferred appearance of apples (El-Sharkawy et al., 2015). Zaini et al. (2020) conducted a deep comparative proteomics study in kernel pellicle tissues of two elite walnut cultivars and detected proteins that are concerned with secondary metabolism governing the pigmentation leading to nut qualities. In avocado, an integrated proteomics and metabolomics study indicated the induction of ripening homogeneity through heat treatment that boosts the sugar soluble accumulation, viz., sucrose and galactose and other stress-related enzymes (Gavicho Uarrota et al., 2019). Similarly, another study has been carried out by combining transcriptomics with network analysis to determine the control mechanisms concerned with acid accumulation and citrate in sweet orange varieties that contributes to their fruit quality and tastes (Huang et al., 2016). These omics approaches have also played crucial roles in deciphering different gene regulations behind abiotic and biotic stress responses. For example, a metabolomics analysis in peach determined the association of different metabolites, viz., mannitol, galactinol, and raffinose, particularly higher raffinose accumulation under freezing stress conditions (Brizzolara et al., 2018). In case of biotic stress, a comparative proteomics study in resistant and susceptible apple leaves affected with Alternaria alternate disease demonstrated a major involvement of 43 differentially expressed proteins behind both pathogenesis and defense mechanism (Zhang et al., 2015). Another study through a quantitative proteomics analysis revealed up- and downregulation of several differential accumulated proteins that are associated behind gray mold disease of kiwifruits (Liu et al., 2018).



Conclusions and future prospects

The temperate fruit and nut crops being perennial in nature undergoes several difficulties in terms of their genetic improvement through classical methods of breeding, which involves long-term deliberate crossing of closely and distantly related individuals to develop desired cultivars and varieties. Therefore, the advance molecular breeding approach since the last three decades have been widely adapted and assisted in revolutionizing the fruit crop improvements. The current advances in gene sequencing technologies have facilitated deep insights on genes regulating desirable fruit qualities, their ripening, and aroma development mechanisms, including biotic and abiotic stress responses. However, a systemic method in using sequence information on the complex pathways of fruit crop development is still less frequently utilized. Hence, an integrated systems biology approach through implementation of the multiomics approach which can generate functionally validated genomic knowledge is required for fruit improvement programs. The genome-wide association study and genomic selection approaches can assist in association of multiple traits and eliminate the requirement for developing mapping population, thus shortening the duration and space necessary for fruit orchard maintenance. Next, the cutting-edge technologies, viz., CRISPR-mediated genome editing, can be a beneficial asset in the way of transgene-free precise genetic modification that facilitate no genetic footprints and no off-targets in developing novel and resistant qualitative fruit and nut varieties. Hence, for improvement in commercial temperate fruit and nut crops, the integration of various biotechnological tools, viz., high-throughput molecular markers along with the CRISPR gene editing systems can accelerate the pace of precision breeding programs in future, opening greater avenues for research and sustainability to farmers and consumers.
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Hazelnut (Corylus avellana)
Japanese plum (Prunus salicina Lindl.)

Wild almond (Prunus arabica
(Olivier) Meikle)

Markers/

lysis

CTAB method (cetyltrimethylammonium bromide)

GBS (genotyping-by-sequencing) analyses/SNP

Md-ACSI and Md-ACO1

SSR and CAPS (cleaved amplified polymorphic
sequence)

RAPD and SSR

SNP

PCR analyses

qPCR (quantitative polymerase chain reaction)
analyses

qRT-PCR (quantitative reverse transcription
polymerase chain reaction) analyses

Axiom™ 700K SNP array and GWAS (genome-wide
association study)

SSR

SSR

GLM (generalized linear model)/MQM (multiple-
QTL mapping) analyses

SNPs
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Chaney et al.
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Rasool (2018)

Zhen et al. (2018)

Rasouli et al.
(2018)

Cantin et al.
(2018)

Patzak et al.
(2019)
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et al. (2019)

Xiao et al. (2019)
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(2019)
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(2020)
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Anthracnose

Fire blight

X-Disease

Ink disease

Powdery mildew
Apple scab

Brown rot

Downy mildew

Sharka disease

Wilt

Powdery mildew

Black spot

Abiotic stress

Codling moth Cydia pomonella (Linnaeus)
(Lepidoptera: Tortricidae)

Fruit crop/parents
Walnut (Juglans regia L.)

PEAR3 (PremP003, P. x bretschneideri x P.
communis) x ‘Moonglow’(P. communis)

Chokecherry (Prunus virginiana)

Castanea sativa x Castanea crenata

Strawberry (Fragaria x ananassa.)
Apple (Malus x domestica Borkh.)

Almond ‘Texas’ x Peach ‘Earlygold’ population

Grapes (Vitis vinifera L.)

Apricot (Prunus armeniaca L.)

Kiwifruit (Actinidia spp.)

Peach (Prunus persica L. Batsch.)

Japanese pear (Pyrus pyrifolia (Burm.) Nak.)

Apple (Malus x domestica Borkh.)

Sweet cherry (Prunus avium (L.))

Markers/genes/technique

SLAF (specific locus-amplified fragment)/
SNPs

QTL

QTL

Microsatellite/SNPs

QTL
AL07 and AM19 (SSR)
QTL

SSR/RT-qPCR (quantitative reverse
transcription polymerase chain reaction)

SNP

SSR

Vr3/Prupe2G111700/ Prupe2G112800

SSR

qRT-PCR/MdDREB2A transcription factor

PCR/(COI) gene
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Zhu et al.
(2015)

Montanari et al.
(2016)

Lenz and Dai
(2017)

Santos et al.
(2017)

Cockerton et al.
(2018)

Rasool (2018)
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et al. (2019)

Zhao et al.
(2019)

Mori et al.
(2019)
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(2020)

Marimon et al.
(2020)

Terakami et al.
(2021)

Lian et al.
(2021)

Yokomi et al.,
2021)
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Fruit/nut cro| Parents/population used . References
4 P /pop) number linkage groups (LG)
Sweet cherry (Prunus avium L.) ‘Wanhongzhu’ and ‘Lapins’ SNPs and 16 SSRs Al Wangietel
8 LG (2015)
Japanese chestnut (Castanea crenata ‘Kunimi’ and 709-034 (Kx709) 554 SNPs and 443 668.1 <M Nishio et al.
Sieb. Et Zucc.) ‘Porotan’ and ‘T'sukuba-43’(Px43) SSRs 121G (2018)
Japanese plum (Prunus salicina 617 <M Carrasco et al.
Lindl) Angelenox aurora 732 SNPs s1G (018)
1, 141.1 cM Aradhya et al.
Wi ia L. 3
alnut (Juglans regia L.) Chandler x Idaho 2,220 SNPs 161G (018)
Almond (Prunus dulcis (Mill.) D.A 47.8-84.6 cM Paizila et al.
ulcan-2 x Lai 168 SSR
Webb.) Gulcan-2 x Lauranne 68 SS] 81G (2019)
7 . 2581.57 <M Hossain et al.
Strawberry (Fragaria x ananassa.) Macehyang x Albino 13, 181 SNPs 461G (2019)
) ‘Chuanzhlhon,g and 1, 991 polymorphic 886.25 cM Zhang et al.
Luotuohuang markers 81G (2019)
. 5 T 321 SNPs and 30 1,511.1 cM Han et al.
Korean pears (Pyrus hybrid) ‘Whangkeumbae’ and ‘Minibae’ SSRs 171G (2019)
2,270.21 cM Yang et al.
Appl ica Borkh. < Fuji’ x ¢ ’ 7, NP
pple (Malus xdomestica Borkh.) uji’ x ‘Red 3 630 SNPs 171G (2020)
T Muscut Hamburg x Crimson 1463.38 cM Jiang et al.
L. 26, NP
Grapes (Vitis vinifera L) Seedless F, population 6,039/ 3NEs 19 LG (2020)
910 SNPs 636.7 <M
P “Vic’ x ‘Cristobalina’ Fy (Vic) (Vic) Calle et al.
Sweet:ciexry-(Prunus avium L) population 789 SNPs 666.0 cM (2021)
(Cristobalina) (Cristobalina)
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Fruit/nut crop

Peach (Prunus persica L. Batsch.)
Strawberry (Fragaria x ananassa Duch.)
Sandy pear (Pyrus pyrifolia Nakai.)
Hazelnut (Corylus avellana)

Kiwifruit (Actinidia spp.)

Grapes (Vitis vinifera L.)

Plum (Prunus spp.)

Sweet cherry (Prunus avium L.)

Almond (Prunus dulcis (Mill.) D.A Webb.)
Apple (Malus xdomestica Borkh.)

Pecan nut (Carya spp.)

European chestnut (Castanea sativa Mill.)
Walnut (Juglans regia L.)

Apricot (Prunus spp.)

Peach (Prunus persica L. Batsch.)

SSR

SSR

SSR

AFLP (amplified fragment length polymorphism) and SSR

SNP (single-nucleotide polymorphism)

SSR

ISSR (inter-simple sequence repeats)

SSR

SSR

SSR

SSR

RAPD (random amplified polymorphic DNA)
ISSR

SNP

SNP

References

Thurow et al. (2016)
Lim et al. (2016)

Jan (2016)

Outiirk et al. (2017)
Oh et al. (2019)

Riaz et al. (2018)

Wu et al. (2018)
Patzak et al. (2019)
Halasz et al. (2019)
Syed (2019)

Zhang et al. (2020)
Nunziata et al. (2020)
Houmanat et al. (2020)
Li et al. (2020)

Mas-Gomez et al. (2021)
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Vitis vinifera

Malus x domestica Borkh.
Prunus persica L. Batsch.
Fragaria x ananassa

Pyrus communis L. ‘Bartlett’
Juglans regia L.

Prunus dulcis cv. Texas

Prunus armeniaca L.

Actinidia chinensis

Prunus fruticosa Pall.

Grapes

Apple

Peach
Strawberry
European pear
Walnut
Almond
Apricot
Kiwifruit

Ground cherry

230

8134

577.3

667

238

2219

653

366
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