
 

 
 

ABSTRACT 

 
CHACÓN-JIMÉNEZ, JOSÉ GUILLERMO. Strawberry Studies: Screening of Germplasm 
and Identification of Quantitative Trait Loci for Necrotrophic and Hemibiotrophic Resistance 
to Anthracnose Diseases, and Validation of a Set of SSR Fingerprinting Markers. (Under the 
direction of Dr. Gina E. Fernandez). 
 

The strawberry (Fragaria ×ananassa) is an important global crop, nonetheless it has 

a complex genomic composition that has made traditional breeding challenging.  Recent 

discoveries in the description and tools to study the strawberry genome are enabling in-depth 

studies not possible in the past. The application of genetic and genomic studies, and the 

implementation of marker and genomic assisted breeding, particularly for the more expensive 

and complex traits to evaluate such as disease resistance is embarking on a new era of 

discovery. 

The anthracnose diseases produced by Colletotrichum spp. pathogens are problematic 

in strawberry production. C. acutatum is responsible for anthracnose fruit rot (AFR), and C. 

gloeosporioides, produces anthracnose crown rot (ACR) in strawberry. This pathogen also 

has biotrophic stage in the plant leaves, known as hemibiotrophic infection (HBI). Although 

resistance to the necrotrophic phase is important, the HBI resistance is equally or more 

important. The main objectives of this project were the identification of QTLs related to the 

resistance to AFR, ACR and HBI using a biparental population of 280 seedlings clonally 

propagated in vitro. The AFR and the ACR were evaluated under field conditions, and the 

HBI for both pathogens was evaluated in plants grown in the NCSU phytotron. Flavonoid 

and anthocyanin content was also measured in mature leaves. These compounds are known 

to be important components in disease resistance pathways. 



 

 
 

No correlation was observed among the six traits (ACR, AFR, HBI resistance to both 

pathogens, flavonoid and anthocyanin content) evaluated in clonal plants, suggesting that 

there are different mechanisms of resistance in the different pathogen systems. The broad 

sense heritability (H2) of the traits was calculated using mixed linear models. The H2 for AFR 

was 0.47 and 0.25 for ACR. Field screening of the seedling population resulted in the 

identification of 14 and 8 highly resistant genotypes to ACR and AFR, respectively. There 

were two distinct groups of 11 genotypes that displayed a high level of HBI for C. 

gloeosporioides and C. acutatum. 

Reads generated by reduced representation sequencing with the omeSeq protocol 

were used to discover and call SNP markers with a polyploid model, including 2x and 4x 

markers. A genome wide association study (GWAS) was performed using a 4x model and it 

resulted in the identification of two QTLs for AFR resistance, one on chromosome 2 and 

another on chromosome 6.  For C. acutatum HBI resistance we found one QTL on 

chromosome 4. The results for C. gloeosporioides HBI support a QTL on chromosome 5 and 

another two for C. acutatum HBI on chromosomes 2 and 6.  

In cooperation with the US Department of Agriculture Agricultural Research Service 

(USDA-ARS) National Germplasm Clonal Repository (NCGR) we validated the utility of a 

set of six Single Sequence Repeats (SSR) markers that could be used for genetic 

characterization of strawberry germplasm. A total of 186 accessions were tested with a set of 

SSRs, including cultivar accessions from the NCGR, and 4 cultivars and 128 advanced 

selections from the NCSU strawberry breeding program. The genotyping was performed in 

multiplex with the six pairs of fluorescent dye tagged primers in one reaction. The results 

showed a slightly lower diversity of alleles than in other studies, with a total of 52 alleles 



 

 
 

detected, a minimum of 6 and a maximum of 11 per marker, and average of 3.15 alleles per 

marker per accession. The primer set is robust enough to identify 184 of the accessions with 

unique allelic patterns. Only one pair of accessions were unresolved. Our results indicate that 

the set of SSR markers evaluated in this study can be used for individual accession 

identification based on their allelic patterns. 
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CHAPTER 1: General Introduction 
 
 
The Strawberry 

 
The common cultivated strawberry is the synthetic hybrid Fragaria ×ananassa 

Duchesne ex Rozier (Rosaceae: Potentilloideae), known as dessert or garden strawberry. It is 

highly appreciated for its flavor, aroma and nutritional value. The origin of this crop dates 

back to 1766, when the botanist Antoine Nicolas Duchesne noticed fruits with unusual 

characteristics and determined they were from the accidental cross between plants of the 

South American F. chiloensis chiloensis (L.) Miller subsp. chiloensis forma chiloensis and 

the North American F. virginiana Miller subsp. virginiana (Darrow, 1966; Hancock et al., 

2010).   

The World’s strawberry production in 2017 was 7.74 million t, with global cultivated 

area of 360 thousand ha (FAO, 2019). The U.S. was the largest producer with 1.36 million t. 

More detailed information from USDA indicates that in 2015 the U.S. production reached 1.4 

million t, of which 6,500 t were produced in North Carolina. Therefore, in terms of cultivated 

area, North Carolina is ranked third in the U.S, with 445 ha (1,000 acres) and is valued at 

$21,375,000 (USDA-NASS, 2019). The majority of the industry is planted to the annual hill 

production with plasticulture system and approximately half of the acreage is produced by of 

small and medium size farmers (Samtani, 2019).  

 

Strawberry Genomics 

 
The cultivated strawberry, F. ×ananassa, has a narrow genetic pool derived from its 

recent hybrid origin.  Fragaria chiloensis is from coastal South America, and has large 
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globose fruit, while F. virginiana, is a flavorful North American species collected from the 

eastern U.S. All three species are octoploid (2n = 8x = 56) (Darrow 1966). The octoploid 

strawberry genome contains traces of multiple diploid genomes, constituting an allopolyploid 

(Edger et al., 2019, Hirakawa et al., 2014; Sargent et al., 2016; Tennessen et al., 2014, Yang 

and Davis, 2017).  Bringhurst (1990) proposed a chromosomic genome model 

AAA’A’/BBB’B’, assuming that two events of increasing ploidy occurred though the 

production of unreduced gametes and the participation of four different diploid species, 

based in chromosome morphology and available genetic information. Another model was 

proposed on molecular data indicated an allopolyploid origin of F. chiloensis and F. 

virginiana, with chromosome formula YYY’Y’ZZZZ or YYYYZZZZ and the contribution 

from two or three diploid genomes, F. vesca (Y), F. madshurica (Y’) and F. iinumae (Z) as 

possible contributors (DiMeglio et al., 2014; Rousseau-Gueutin et al., 2009). Intron analysis 

of ADH-1 alleles substantiate the genomic contribution from F. vesca, and indicated possible 

contributions from F. mandshurica and F. iinumae (DiMeglio et al., 2014). A phylogenetic 

approach, that compared diploid species genome to the octoploid parents of F. ×ananassa  

(F. virginiana and F. chiloensis) based on SNP variants in simplex occurrence, demonstrated 

that this species contains one subgenome that pairs to F. vesca with high homology 

(denominated Av), another to F. iinumae (Bi), and designated other two subgenomes as B1 

and B2 with incomplete homology to F. iinumae (Tennessen et al., 2014). They concluded 

that the genome of the parent species had the composition AvBiB1B2 and it was passed to F. 

×ananassa. Analysis of Single Nucleotide Polymorphism (SNP) markers map (Sargent et al., 

2016) and phylogeny (Yang and Davis, 2017) strongly support F. vesca and F. iinumae as 
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the two more likely parental species of the octoploid strawberries F. virginiana, F. chiloensis 

and consequently F. ×ananassa.   

The base chromosome number for Rosoideae and Potentilloideae subfamilies is x=7, 

with an estimated in 206 Mbp/C for the diploid F. vesca and 813.4 Mbp/C for F. ×ananassa. 

F. vesca was used to develop the first diploid linkage map (Davis and Yu, 1997) and the first 

complete reference genome for Fragaria (Shulaev et al., 2011). However, this is less than 

four times the diploid genome, indicating loss of chromosomal content following 

polyploidization (Akiyama et al., 2001; Longhi et al., 2014). The first attempt to fully 

sequence the octoploid genome was done by Hirakawa and collaborators (2014), but their 

approach to assemble the genome was complicated by the heterozygosity between 

subgenomes, and this heterozygosity did not allow for a single map construction for each 

chromosome at the haplotype level (x = 7). They compared the genomes of F. vesca, F. 

iinumae, F. nipponica, F. nubicola, and F. orientalis, and found high homology for F. vesca 

and F. nubicola. Also, they proposed a genome composition of A, A’, B and B’, with a large 

amount of non-homology sequences, dominated by F. vesca sequence alignment (57%), 

indicating that the F. vesca genome is dominant in respect to the other possible donors.  

The most recent chromosome scale genome sequencing of F. ×ananassa compared 

the transcriptomes of 31 diploid species. This work confirmed the presence of four 

subgenomes, F. vesca and F. iinumae, F. viridis and F. nipponica (Edger et al., 2019). They 

also reported that F. vesca was the dominant subgenome of F. ×ananassa. This dominant 

subgenome had greater gene content, more highly expressed genes, less transposable 

elements and more tandem gene duplications, and has replaced part of the other subgenomes 
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by homoeologous chromosomes exchanges. This reference genome and its annotation is 

hosted by the Genome Database for Rosaceae (Jung et al., 2019). 

 

Strawberry Breeding 

 
The high ploidy level in strawberry is considered a barrier for intercrossing with other 

species and presents other compatibility issues (Hummer and Hancock, 2009; Steward, 

2011). This limitation and the continuous breeding within the same populations had in the 

past, reduced the diversity in the breeding pools (Gil-Ariza et al., 2009; Hancock et al, 2010; 

Sjulin and Dale, 1987). Until recently, the breeding work was restricted to the available 

diversity known in the cultivated material. Intergeneric crosses with Potentilla L. and 

Duchesnea Smith had been tried only once with low proportion of healthy plants in crosses 

of higher ploidy levels (Marta et al, 2004). Several studies had shown promising results in 

inter-ploidy crosses, but the more useful and rewarding strategy has been the backcrosses to 

the octoploid original species, F. virginiana and F. chiloensis, with the consequent 

incorporation of day neutrality, cold hardiness and diseases resistance (Galletta and Maas, 

1990; Hancock, 1999). In an effort to increase diversity, recent efforts have resynthesized the 

original cross that generated F. ×ananassa, with the goal to introduce valuable traits and 

genetic diversity that would aid present and future challenges to strawberry production 

(Hancock et al., 2010; Luby et al., 2008).  

Due to the narrow germplasm base of cultivated strawberry, this crop is susceptible to 

inbreeding depression (Melville et al., 1980; Shaw, 1995). However, because most 

strawberry genotypes are easily clonally propagated trough runner tips and tissue culture, the 

maintenance of germplasm in public breeding nurseries is feasible. And more importantly, 
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the National Germplasm Repository in Corvallis, OR, maintains a wide range of 

heterozygous genotypes (Hummer and Hancock, 2009; Shaw, 1995).  

Several breeding programs were established in the middle of the 20th Century in 

U.S., Scotland, England, Germany, and the Netherlands, and more recently in Japan, Canada, 

Italy, France and Spain (Hancock et al., 2008). Although strawberries are produced 

throughout the world and on five continents, there is a limited number of strawberry cultivars 

that are being tested, released or licensed for propagation and production annually around the 

world (Hummer et al., 2011). Genetic diversity is of great importance to increase the number 

of cultivars adapted to these regions. The global economic and nutritional importance of 

strawberry throughout the world is such that it was included in The International Treaty on 

Plant Genetic Resources, Annex 1, allowing the access to its genetic resources from all the 

signatory countries (FAO, 2001; Hummer et al., 2011). In 2008, there were 57 Fragaria gene 

banks in 27 countries, with more than 12,000 accessions listed (Hummer, 2008). A similar 

number of accessions were estimated in private hands, but without the same interest 

protecting them beyond their direct utility in active breeding or licensing and aren’t shared 

with other breeders (Hummer et al., 2011).  

The breeding programs around the world have similar overarching goals including: 1) 

the introgression of disease or arthropod resistance, 2) increased productivity, 3) everbearing 

or day neutral habits, 4) early or extended season, 5) improved fruit size, firmness and 

resistance to postharvest diseases, 6) supply year round high quality, shippable fruits to the 

markets, and lastly 7) consumer’s important traits such as flavor and aroma (Steward, 2011). 

Although, the ultimate goal of any breeding program focuses on specific end users such as 

“pick your own”, shipping markets, or processed fruit, all contemporary strawberry breeding 
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programs have disease resistance as a high a priority (Hancock et al., 2008). Resistance is 

normally defined as a relative better performance of some plant material related to others, 

may have different degrees in term disease control, is brought by different molecular 

mechanism and have a genetic component that allow it practical use in plant breeding 

(Andersen et al., 2018; Parlevliet, 1979; Schafer, 1971).  

 

Molecular Biology in Strawberry Breeding 

 
Morphological studies are limited in their capability to assess the genetic diversity 

and the mechanisms associated to the phenotypic traits expressed in complex organisms, 

particularly polyploids. Moreover, in plant breeding the application of molecular techniques 

can help solve problems that traditional morpho-physiological approaches have not been able 

to fully explain, and often require investment on research over long periods of time.  

Molecular techniques can benefit breeding programs by: 1) identifying and characterizing 

genetic diversity in germplasm resources; 2) accelerating the introgression of specific genes 

and/or quantitative trait loci (QTL) for enhancing target traits; 3) manipulating 

(differentiating, selecting, pyramiding, and integrating) genetic variation in breeding 

populations; 4) and assisting plant variety protection as well as distinctness, uniformity, and 

stability testing processes (Xu and Crouch, 2008). The interaction of conventional plant 

breeding and molecular techniques can expedite the progress in modern plant breeding 

programs (Beaver and Osorno, 2009). In strawberry, molecular techniques have been applied 

to a wide range of studies. These include phylogeny and evolutionary studies, development 

of specific markers for cultivar, accession or breeding material identification, genome 
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structure elucidation, genetic mapping, genome wide association studies and sequencing, 

with special attention to the last two approaches (Kunihisa, 2011; Longhi et al., 2014). 

The first molecular marker technique applied to strawberry was Restriction Fragment 

Length Polymorphism (RFLP) of chloroplast DNA for a phylogenetic study of Fragaria 

species of different ploidy level and geographic origin along with Potentilla fruticose and 

Duchesnea indica (Harrison et al., 1997). The nuclear internal transcribed spacer (nrITS) 

region and the chloroplast trnL intron and the trn-trnF spacer region of 14 species were used 

to clarify their phylogenetic relationship (Potter et al., 2000), but this approach had a poor 

resolution of conflicting results due to little divergence of the genome regions investigated. 

An advanced phylogenetic and evolutionary study used sequence analysis of two nuclear 

genes (GBSSI-2/Waxy and DHAR, DeHydro Ascorbate Reductase) to obtain more reliable 

information, clarified the relation between species and their involvement in the genomic 

composition of higher ploidy level species (Rousseau-Gueutin et al., 2009).  

The first comparative studies of germplasm and cultivars (Degani et al., 1998; 2001) 

used Random Amplified Polymorphic DNA (RAPD) and Amplified Fragment Length 

Polymorphisms (AFLP), but they had low congruence with pedigree data. Garcia et al., 

(2002) applied RAPDs to analyze Argentinian cultivated strawberry and found good 

resolution for cultivar identification, including distinction of three variations of the cultivar 

‘Pajaro’. In Japan, the application of molecular markers for cultivar identification was 

developed using Cleaved Amplified Polymorphic Sequence (CAPS) with the aim to identify 

imported fruit from Japanese cultivars that were not licensed for production outside the 

country (Kunihisa et al., 2003). Microsatellites or Simple Sequence Repeats (SSR) were 

introduced for germplasm analysis (Ashley et al., 2003), intra and intergeneric comparisons 
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(Lewers et al., 2005), and high-resolution cultivar and germplasm identification (Brunings et 

al., 2010; Chambers et al., 2013; Govan et al., 2008; Shimomura and Hirashima, 2006).  

The first linkage map was developed for the diploid F. vesca using RAPD markers, 

on a biparental population of 80 individuals and 80 markers that resolved into seven linkage 

groups (Davis and Yu, 1997). The second diploid linkage map was developed from the cross 

of F. vesca subsp. bracteata DNC1 and F. vesca ‘Yellow Wonder’, using a candidate a 

candidate gene that was responsible for the yellow color (Deng and Davis, 2001). Sargent et 

al., (2009) designed a mapping strategy with the use of Sequence Characterized Amplified 

Region (SCAR) markers, SSR and six gene specific markers in a F2 population of F. vesca f. 

serpenflorens ‘815’ and F. bucharica ‘601’ (FV × FB). There was a high level of segregation 

distortion due to the interspecific nature of the cross, but allowing the mapping of a great 

number of markers in comparison to previous work. This cross became the basic reference 

progeny for mapping of the diploid Fragaria, and additional studies added other markers to 

increase the saturation along the linkage groups (Longhi et al, 2014; Sargent et al., 2011). 

These studies complemented the publication of the consensus genome for F. vesca (Sargent 

et al., 2011), and other diploid species (F. iinumae, F. nipponica, F. nubicola) and tetraploid 

species (F. orientalis) (Hirakawa et al., 2014).  

The application of CAPS and SSR markers to octoploid strawberry present some 

technical problems, including the amplification of several loci with indistinguishable 

homology, unstable signals, and its treatment as dominant markers (Kunihisa, 2011). 

Nonetheless, the application of SSR, RAPD and AFLP markers in comparison studies 

between diploid and the octoploid strawberry set the foundation for further genomic studies 
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and the development of markers for the purpose of marker assisted breeding and selection in 

cultivated strawberry (Sargent et al., 2009).  

In the early 21st century a series of mapping studies on the octoploid strawberry were 

conducted. Lerceteau-Köhler et al., (2003) created the first linkage map of F. ×ananassa 

using AFLP and two specific genes markers in a F1 population of cultivar cross (‘Capitola’ × 

[(‘Pajaro’ × ‘Ealyglow’) × ‘Chandler]). The segregation of the single copy markers of both 

parents suggests that the meiotic behavior of the F. ×ananassa genome is neither fully 

disomic nor fully polysomic. Further work was done with the addition of new AFLP, SCAR 

and SSR markers applied to the same cross (Rousseau-Gueutin et al., 2008). This resulted in 

the elucidation of a map spanning 2195 cM across 32 linkage groups and resulted in the 

identification of high levels of macrosynteny between the diploid and octoploid maps, 

suggesting the absence of major chromosomal rearrangements during polyploidization 

events. The second map developed for an octoploid Fragaria was based on SSR markers, 

with the intention of studying the sex determination in F. virginiana (Spigler et al., 2008; 

2010). The primary finding of these studies was the complete characterization of a proto-sex 

chromosome in F. virginiana. Another mapping project was conducted with the purpose of 

determine the genetic basis of the resistance to Verticillium dahlia.  The mapping population 

for this study was obtained from the cross between ‘Red Gauntlet’ (resistant) and ‘Hapil’ 

(susceptible) cultivars (Sargent et al., 2012). Another mapping study of F. ×ananassa was 

developed with the cross of ‘Gaviota’ × ‘Camarosa’, with the objective of mapping fruit 

quality traits (Zorrilla-Fontanesi et al., 2011). Isobe et al., (2013) generated a more advanced 

map using SSR markers on Japanese cultivars, covering the majority of the strawberry 
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genome.  The same research group recently published the consensus genome of F. 

×ananassa (Hirakawa et al., 2014).  

A series of genetic studies of strawberry were conducted using transcriptomic 

approaches. Aharoni et al., (2000) used a custom-made expression microarray to identify the 

strawberry alcohol acyltransferase (SAAT). Other studies used the same microarray to 

identify other fruit genes, as lignin metabolism genes related to fruit firmness (Salentijn et 

al., 2003) and Nerolidol Synthase1 (FaNES1) (Aharoni et al., 2004). Also, a tomato 

microarray was used to identify differential expressed genes during ripening (Ponce-

Valadeza et al., 2009). Fruit set and early development transcriptomic and physiology were 

studied in F. vesca, describing the involvement of the seed coat and endosperm in the 

regulation of hormonal signals and receptacle growth (Kang et al., 2013). Further 

transcriptomic studies identified the regulation network of anthocyanins synthesis pathways 

in F. ×ananassa (Pillet et al., 2015). A deeper analysis of the octoploid strawberry revealed a 

complex regulation system of the fruit ripening and some genotype variations related to 

specific genes differences (Sánchez-Sevilla et al., 2017). 

Next Generation Sequencing (NGS) genotyping methodologies as double digest 

restriction-site associated DNA sequencing (ddRADseq) (Davik et al., 2015) and Genotyping 

by Sequencing (GBS) (Vining et al., 2017) have been attempted in the octoploid strawberry. 

These studies have had limited success, due to the lack of a full reference genome to align the 

reads and some limitations of the restriction enzymes used in these studies. Recent 

quantitative genetics studies have been done using the Axiom® IStraw90 SNP microarray 

(Bassil et al., 2015) and its upgrade, the Axiom® IStraw35 384HT SNP microarray (Verma 

et al., 2017), both based in the Affymetrix technology.  The IStraw90 array was used to 
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genotype a population of 106 seedling of the recreated hybrid octoploid strawberry from F. 

virginiana × F. chiloensis selections, known as FVC 11 (Hancock et al., 2016).  This 

population was used to map QTLs related to plant vigor and number of daughter plants, fruit 

weight and yield successfully. The Axiom® arrays also had been used for genomic selection 

in strawberry, generating 17,479 SNPs of practical use in the genotyping of progenies or 

selection/cultivar analysis (Gezan et al., 2017). Several traits such as early marketable yield, 

total marketable yield, cull percentage, average fruit weight, and soluble solids were studied 

using Bayes B method to determine predictive values, but the sample size used for each 

population limited the precision. At present, the cost-effectiveness is the most limiting factor 

for the application of genomic selection in strawberry (Wannemuehler 2018). 

 

Strawberry Anthracnose  

 
The strawberry is attacked by a cohort of pathogens and pests that include viruses, 

bacteria, fungi, nematodes, insects and mites that damage the crop quality and productivity 

(Maas, 1998). For the control of these problems several strategies had been implemented, 

principally chemical control, but also the integrated pest management approach has been 

used with the incorporation of environmental data, cultural practices, genetic, chemical and 

biological control methods (Wedge et al., 2007; Martin and Bull., 2002; Hancock, 1999). In 

addition to the above references, there is a long list of authors that are cited in the Southern 

Region IPM Guide (Melanson, 2019).  

The genetic resistance to pathogens and pests has been studied in cultivated and wild 

material (Lewers et al., 2007; Mangandi et al., 2015), and was reviewed by Amil-Ruiz et al., 

(2011) and Korbin (2011), and is continually updated with the exploration of new sources of 
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resistance and its genetic and physiological basis (Baraldi et al., 2015; Namai et al., 2013; 

Wei et al., 2016; Zhang et al., 2016).  

Of particular importance to the southeastern U.S. are two forms of strawberry 

anthracnose disease that are caused by fungi from the Colletotrichum Corda (Ascomycota: 

Glomerellaceae) genus (some of the species with identified teleomorph of the genus 

Glomerella), including C. acutatum Simmonds ex Simmonds (teleomorph G. acutata 

Guerber & Correll), C. gloeosporioides (teleomorph G. cingulate [Stonem.] Spaild. & 

Schrenk), C. theobromicola Delarcr. (formerly known as C. fragariae A.N. Brooks) and C. 

nymphaeae (Pass.) Aa (formerly known as C. acutatum molecular group A2) (Damm et al., 

2012; Gunnell and Gubler, 1992; Weir et al., 2012). The two species that cause the most 

economic damage in North America, particularly North Carolina, are C. acutatum and C. 

gloeosporioides. C. acutatum causes damage to the strawberry petiole and fruit lesions and 

stunting or killing of plants through root and stem (crown) damage and is widely recognized 

as the pathogen producing the strawberry disease Anthracnose Fruit Rot, AFR (Peres et al., 

2005; Smith, 1998). C. gloeosporioides had been confirmed as the causal agent of strawberry 

Anthracnose Crown Rot (ACR), producing reddish-brown region in the crown of the plant, 

ultimately causing the wilting and death of the plant (Ureña-Padilla et al., 2002). Several 

strategies were deployed to control the spread and manage this disease in production systems, 

including the elimination of pathogen inoculum, cultural practices that reduce host 

susceptibility, chemical and biological control, but the complexity of the life cycles of these 

pathogens present a challenge for sustained management (Rahman et al., 2013; 2015). 

Several Colletotrichum species have a hemibiotrophic lifestyle. Often this form of the 

disease is present at the nursery phase, but due to cooler temperatures it remains quiescent 
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and therefore plants are asymptomatic (Freeman, 2008; Poling, 2008).  This is a biotrophic 

stage, which is difficult to identify due to the lack of sporulation structures or 

symptomatology, before the necrotrophic stage appears in the already infected tissue 

(O’Connell et al., 2012). This hemibiotrophic infection of these pathogens in the same host 

plant implies a switch from no visible or symptomatic biotrophic stage, with great change in 

gene expression upon the transition to the necrotrophy and sporulation stages. It is likely that 

the biotrophic stage helps the pathogen to infect the plant without recognition by the host 

plant, avoiding triggering or even suppressing the defense mechanisms (Oliveira-Garcia and 

Valent, 2015). Later in the development of the crop, a second phase of the disease can starts 

in different tissues, and it is known as the necrotrophic phase. This life cycle has been 

observed in strawberry with C. acutatum, with a biotrophic stage in the vegetative part of the 

plant and the necrotrophic stage in the fruit (Leandro et al., 2001; Rahman et al., 2013) 

causing the AFR, and C. gloeosporioides with the biotrophic phase in the leaves and a 

necrotrophic one in the crown causing ACR (Rahman et al., 2015).  

 

Anthracnose Resistance in Strawberry 

 
The resistance to anthracnose was first studied by Delp and Milholland (1980), who 

developed a methodology for inoculation and evaluation of infection with C. fragariae. They 

found different degrees of resistance in 19 cultivars of F. ×ananassa tested, F. virginiana 

and Potentilla canadensis were susceptible, while Duchesnea indica was completely resistant 

(Delp and Milholland, 1981). Gupton and Smith (1991) inoculated crosses with C. fragariae 

and C. acutatum, and found that the severity of both pathogens were different, according to 

the life cycle of each, and they lacked significant genotype by isolate interaction. 
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Furthermore, there was enough additive and dominant heritability of the resistance in the 

plant material evaluated that was deemed to be usable in breeding programs. In North 

Carolina, there are significant differences in pathogenicity between isolates of C. acutatum, 

but also different cultivar reactions to a particular isolate, with ‘Chandler’ showing high 

susceptibility, and indicating the possibility for genetic resistance in some breeding materials 

(Ballington and Milholland, 1993). Other work in North Carolina indicated that the resistance 

of runners to C. acutatum is highly heritable, including cultivars, breeding materials and 

accession of F. virginiana (Giménez and Ballington, 2002). The resistance to C. acutatum is 

not isolate dependent, but related to the octoploid strawberry genotype, including different 

grade of resistance -susceptibility in F. ×ananassa, F. chiloensis and F. virginiana (Lewers 

et al., 2007;). In a comparison of 14 cultivars and NCSU selections for field and in vitro 

resistance to C. acutatum, the study found important resistance in ‘Pelican’, NCL 03-05, 

‘Winter Down’, NCL 03-06, NCC 99-27, ‘Bish’, NCC 02-63, in increasing order, and 

correlated the lower AFR infection with higher concentration of phenolics and higher activity 

of chitinase and lipoxygenase in the green fruit, possible reducing the early infection of fruits 

and reducing total percentage of infection (Rahman et al., 2013). Recently, at the University 

of Florida, a Genome -Wide Association mapping (GWAS) approach was used to study the 

genetics of C. acutatum resistance in a multi-population and across several years, which 

reported a narrow-sense heritability estimate of 0.46 (Salinas et al., 2019). 

Resistance to the C. acutatum pathogenicity group 2 (synonym= C. nymphaeae), was 

reported in a series of cultivars and segreganting populations (Denoyes-Rothan et al., 2005). 

The resistance was described as quantitative and a major gene was discovered (Rca2) with 

minor genes as possible contributors to intermediate degrees of resistance. AFLP markers 
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were identified in coupling with the Rca2 gene, and two were used to generate SCAR 

markers of moderate utility to identify resistance cultivars and selections (Lerceteau-Köhler 

et al., 2005).  

Resistance to C. gloeosporioides was reported as a dependent of the strawberry 

genotype, and the resistance to C. acutatum didn’t depend on the strawberry species tested 

(Lewers et al., 2007; MacKenzie et al., 2006). Some cultivars, e.g., ‘Treasure’ and ‘Pelican’, 

were recognized as highly resistant, and could provide a good genetic base for breeding. 

Osorio et al., (2014) reported a genetic gain in resistance to ACR in families derived from 

‘Pelican’ or the North Carolina germplasm accession NCH 09-68, with higher genetic gains 

in families from North Carolina germplasm than Florida ones. More recent work identified 

five accessions completely resistant to C. gloeosporioides, including two selections from the 

University of Florida germplasm (Mangandi et al., 2015). The cultivar ‘Treasure’ had a high 

General Combining Ability (GCA) in a half diallel study that included also ‘Chandler’ as a 

highly susceptible parent and four NCSU accessions, but the NCH 11-304 had the highest 

GCA (Jacobs et al., 2019). The results of this study indicated that the resistance to C. 

gloeosporioides is under control of additive genetic effects, with a narrow sense heritability 

estimated of 0.61, which was higher than what was calculated by other studies, e.g. 0.37 and 

0.46 (Osorio et al., 2014), 0.30 and 0.40 (Anciro et al., 2018).  

The resistance to the hemibiotrophic infection (HBI) of Colletotrichum sp. has few 

published studies and research in this area has been neglected in general (Jacobs et al., 2019; 

Rahman et al., 2013; 2015). Rahman and collaborators (2013) compared the resistance of the 

hemibiotrophic infection on the same 14 cultivars and selections tested for AFR, finding that 

severity is a better indicator of resistance than incidence, with the selection NCC 02-63 as the 
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more resistant with only 1.1% of leaf surface sporulation after paraquat assay. Another study 

with 18 cultivars and NCSU selections found increasing resistance to the HBI of C. 

gloeosporioides and C. acutatum in ‘Pelican’, NCH 11-304, NCS 10-080, NCH 09-068 and 

NCS 10-147 (Jacobs et al., 2019). Testing the GCA of six cultivars and selections, indicated 

a low percentage of sporulation area for ‘Chandler’, NCL 11-185 and NCS 10-147 for both 

pathogens. The calculated narrow sense heritability for HBI were moderate – low, with 0.25 

for C. acutatum and 0.16 for C. gloeosporioides. 

Transcriptomic analysis of responses to pathogen infection is another approach that 

successfully discovered and described several events, mechanisms, regulation networks and 

genes related to resistance. Namai and collaborators (2013) compared two strawberry 

genotypes for transcriptome differences after inoculation with C. gloeosporioides. They used 

in vitro derived plants of the cultivars ‘Tochiotome’ and ‘Nou-2’, susceptible and resistant to 

the pathogen, respectively.   Their findings included 18 genes differentially expressed 

between cultivars (higher expression in Nou-2) and the increase of their expression after ex 

vitro acclimation. Some of genes were annotated as enzymes of flavonoid and anthocyanin 

biosynthesis. They suggest that the defense against C. gloeosporioides at leaf level is mainly 

mediated by the Salicylic Acid (SA) pathway and anthocyanin accumulation.  

The first discovery of a Pathogen Resistant (PR) gene for strawberry was done for C. 

acutatum crown infection inoculated with an avirulent C. fragariae isolate. They found the 

involvement of and the induction of PR-1 after inoculation of direct application of SA 

(Grellet-Bournonville et al., 2012). In a 2016 study, transcriptome analysis of strawberry 

leaves infected with C. acutatum reveled an extensive network of genes involved in the 

response (Amil-Ruiz et al., 2016). A total of 118 genes were upregulated, including eight 
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putative invasion sensing genes, many signal pathways, increased expression of regulatory 

genes, PAMP defense related genes, and the genes FaPR1-1, FaLOX2, FaJAR1, FaPDF1, 

and FaGST1, all of these are part of the SA and Jasmonic Acid response pathways. 

Nonetheless, the lack of comparison between susceptible and resistant cultivars resulted in 

unresolved questions about the key elements of the resistance and downstream regulation. 

Studies in China compared the cultivars ‘Yanli’ (China), ‘Toyonoka’, Sachinoka’ and 

‘Benihoppe’ (Japan) for disease symptoms on the leaves and the general transcriptomic 

profiles of ‘Yanli’ (relatively resistant) and ‘Benihoppe’ (susceptible) infected or not with 

one C. gloeosporioides strain (Wang et al., 2017). In general the results indicated there were 

more leaf lesions in susceptible cultivars and there was a change in gene expression related to 

plant pathogen interaction (including the increase of the transcription of CERK1 in ‘Yanli’, a 

gene of the Pathogen Recognition group, PRR), the regulator gene WRKY33/DEG (WRKY 

gene family related to infection reaction control) and FaPR1 (pathogenesis- related 1) linking 

to SA response pathway,  and anthocyanin pathways. Zhang and collaborators (2016) 

confirmed the involvement of SA pathway in the response to C. gloeosporioides in a study 

involving a comparative analysis of the very susceptible cultivar ‘Jiuxiang’ and the tolerant 

‘Sweet Charlie’. The later had higher level of basal SA, and the SA levels increased rapidly 

upon infection and displayed a marked increase in the transcripts of NB-LRR genes after 

infection with C. gloeosporioides.   

Fruit C. acutatum infection studies results coincide with the previous studies of leaf 

infection in term of rapid changes in gene expression after inoculation.  A comparison of 

gene expression profiles after infection of fruits of cultivars ‘Andana’ (moderate resistance) 

and ‘Camarosa’ (susceptible), showed stronger and faster gene expression response in the 
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resistant cultivar (Casado-Díaz et al., 2006). Some of the genes expected to be induced 

during pathogen infection such as g-thionins, peroxidases, chitinases and b-1-3-glucanases 

were downregulated in fruit and/ or crown tissues of the very susceptible cultivar, indicating 

an active repression induced by the pathogen. Furthermore, the gene FaWRKY1 was 

confirmed as responsible for induction of defense response and hypersensitive oxidative 

outburst against the infection of C. acutatum (Encinas-Villarejo et al., 2009). The same gene 

was demonstrated as a negative regulator of defense response to C. acutatum, with halves of 

fruits treated with Agrobacterium-mediated transient transformation to silence or overexpress 

the FaWRKY1 (Higuera et al., 2019). Damage was reduced in the halves treated to transiently 

silenced FaWRKY1 five days after pathogen inoculation, but the damage was similar between 

control and overexpression fruits. The control of the resistance to Colletotrichum spp. is still 

in the process of elucidation, and the R genes related to the response in different tissues is not 

identified yet. 

The search for the responsible variants for resistance against Colletotrichum spp. at 

the University of Florida was done with the application of QTL discovery using GWAS and 

Bayesian pedigree analysis, based on genotyping data generated with the Axiom® arrays 

(Anciro et al., 2018; Salinas et al., 2019). For ACR (Anciro et al., 2018), four population sets 

were inoculated (twice per assay) in four different seasons with one C. gloeosporioides 

isolate, and then phenotyped for plant collapse (yes or no). This approach found one QTL 

described as dominant (FaRCg1), and one SNP associated was used to develop a High 

Resolution Melting technology molecular marker. For AFR (Salinas et al., 2019), three 

isolates of C. acutatum (reported as Synonym= C. nymphaea) were combined and sprayed on 

the plants’ foliage on the previous fall, 33 small mapping populations, 77 advanced 
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selections and 10 cultivars were used in two seasons for the study. The resistance was scored 

as diseased fruit collected per week. A QTL (FaRCa1) was found, and this had a partial 

dominant effect, with two potential HRM marker developed. Interestingly, both FaRCa1 and 

FaRCg1 are located approximately 10 cM from each other in the linkage group 6B.  

Although these two QTLs are an important part of AFR and ACR genetic resistance, 

they don’t take into account resistance to HBI, the hidden but extremely devastating phase of 

infection in the production of strawberries. Elucidation on the control of HBI will impact 

strawberry nursery and field production. The development of resistant cultivars will enable 

nurseries to ensure the production and shipping of cleaner plants to the growers. The growers 

will be assured that the plants that they have will be less likely to manifest anthracnose in 

their fields.   
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CHAPTER 2: Screening of a Biparental Population of Fragaria ×ananassa in the Field 

and in Growth Chambers for Resistance to Colletotrichum acutatum and C. 

gloeosporioides in the Biotrophic and Necrotrophic Stages 

 
Abstract 

 
The pathogens Colletotrichum gloeosporioides and C. acutatum are the causal agents 

of Anthracnose Crown Rot (ACR) and Fruit Rot (AFR) of strawberry (Fragaria ×ananassa). 

These pathogens have complex hemibiotrophic lifecycles with a biotrophic stage in multiple 

tissues and a necrotrophic stage, frequently in other tissues. In this study a biparental 

population comprised of 280 F1 progenies was generated from the cross of NCSU selections 

NCS 10-080 and NCS 10-147 to evaluate the resistance to the necrotrophic and biotrophic 

stages of both pathogens. The population was established, multiplied and maintained in in 

vitro conditions. Plants from this population were acclimated ex vitro and used for our 

studies. In 2017, two replicates of the population were planted in the fall and evaluated 

during the summer of 2018 for ACR resistance, a second set of the population was planted in 

fall 2018 and evaluated in spring 2019 for AFR resistance. Using the analysis method known 

as area under disease progress stairs (AUDPS), resistance to the necrotrophic stage was 

calculated and the population distribution approached normality, with individuals that scored 

highly resistant to ACR or AFR. We identified 14 individuals with high resistance to ACR 

and eight genotypes were highly resistant to AFR. A third and fourth set of the population 

were evaluated for HBI for both pathogens in a growth chamber. Using photo image analysis, 

the sporulation area on infected leaves was assessed at 7, 15 and 21 days after infection, 

revealed that HBI for both pathogens were detected in the leaves of the biparental population 
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and the distributions approached normality and were completely normal after transformation. 

Flavonoid and anthocyanin contents were evaluated in mature leaves. Correlation analysis 

indicated there was no significant correlation between evaluated traits, suggesting that each 

pathogen and stage of the disease have different mechanism of resistance. 

 

Introduction  

 
The cultivated strawberry Fragaria ×ananassa Duchesne ex Rozier is one of the 

most desired fruits worldwide for its flavor, aroma and nutritional value. Its origin is dated to 

the XVIII century, when the cultivated hybrid species was found for the first time in France 

(Darrow, 1966). The cultivated strawberry, F.×ananassa is an octoploid species with four 

different subgenomes derived from diploid wild species (Edger et al., 2019). As a hybrid 

allopolyploid species this crop is highly heterozygous and genetic variation between 

accessions and cultivars is related to the heterozygotic loci fixed in different subgenomes, 

leading to exploitable diversity for breeding (Folta et al., 2011). However, this heterozygosity 

limits the use of seed propagation in strawberry in most commercial cultivation.  

The strawberry is a perennial plant with natural capacity for vegetative propagation 

through above ground stolons. This mechanism of clonal propagation had been used 

extensively by the industry to produce uniform clonal nurseries for farmers. This propagation 

system is very convenient for the production of millions of plants to sustain a nursery 

industry, but it is also an efficient method for the dispersal of pathological problems in the 

quiescent state (Leandro et al., 2001; 2003), known as hemibiotrophic infection (HBI). These 

HBI biotrophic diseasea are followed by the anthracnose necrotrophic diseases (Fig. 2.1, 

Appendix A), anthracnose fruit rot (ACR) caused by Colletotrichum acutatum (Rahman et 
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al., 2013) and anthracnose crown rot (ACR) caused by C. gloeosporioides (Rahman et al., 

2015). Anthracnose diseases are among the most problematic pathological problems 

identified in the South Atlantic region of the United States, including North Carolina 

(Samtani et al., 2019). However, they are also a problem in other regions of the US 

(including Florida and California) and other countries (Freeman et al., 1998; Mass, 1998). 

Integrated pest management of these diseases include a fungicide rotation system and 

application based on risk level (Louws et al., 2019), planting and maintaining clean stock 

material for nursery propagation, planting only clean plants in production fields, and the 

incorporation of genetic resistant commercial cultivars. The latter strategy, incorporation of 

genetic resistance, has not been fully implemented to date, yet it is an important component 

for the long term sustainable management of anthracnose and other diseases in plants (Mundt 

et al., 2002; Nelson et al., 2018).  

The epidemiology and the availability of genetic resources and genetics of resistance 

to the necrotrophic phase of Colletotrichum spp. are relatively well known. The first studies 

that identified genetic resistance were conducted during the early 1980’s.  Studies showed 

that leaf and stolon lesions produced by C. fragariae, exhibited different degrees of 

susceptibility - resistance in 19 cultivars of F. ×ananassa, F. virginiana and Potentilla 

canadensis and Duchesnea indica (Delp and Milholland, 1981). Further studies on vegetative 

tissue damage caused by C. fragariae and C. acutatum indicated no significant genotype by 

isolate interaction and additive and dominant heritability of resistance in the strawberry 

material evaluated, thus establishing the potential for resistance breeding into commercial 

germplasm (Gupton and Smith, 1991). Resistance to C. acutatum pathogenicity in stolons 

was discovered in germplasm from North Carolina, including accessions of F. virginiana, 
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one of the F.×ananassa progenitors (Giménez and Ballington, 2002). Studying multiple 

accessions Lewers et al., 2007, discovered genetic resistance to the attack of leaves, stolons 

and crowns by C. acutatum, C. fragariae and C. gloeosporioides, including F.×ananassa, F. 

virginiana and F. chiloensis, but the resistance was related to specific genotypes of Fragaria, 

not to species level or geographical origins. Resistance to AFR studies in North Carolina 

concluded that some genotypes, including ‘Pelican’ and the selection NCC 95-08, were 

resistant (low percentage of fruits infected). Crosses using resistant and susceptible parents 

segregated for both traits (Ballington et al., 2002).   

Studies at the University of Florida found resistance in their germplasm collection 

and identified a Quantitative Trait Loci (QTL) with dominant effect (FaRCa1) and two 

potential High Resolution Melting (HRM) markers were developed (Salinas et al., 2019).  

ACR resistance is dependent on the genotype and not linked at the plant taxonomic level 

(Lewers et al., 2007; MacKenzie et al., 2006). The cultivar ‘Pelican’ and NC germplasm 

accession NCH 09-68 were identified as good parents for breeding resistance to ACR 

(Osorio et al., 2014).  Studies at the University of Florida found genetic resistance to C. 

gloeosporioides in some of their germplasm (Mangandi et al., 2015), and subsequent 

mapping studies with a multiparent population, resulted in the identification of a QTL 

(FaRCg1) and a potential HRM marker (Anciro et al., 2018). 

AFR and ACR resistance in modern cultivars is a pressing need for strawberry 

growers, as these diseases affect when symptomless material later succumbs to infection, 

generating significant economic losses (Howard, 1992; Poling, 2008; Rahman et al., 2013). 

Nonetheless, resistance to HBI is as important as to the necrotrophic stage and is a key factor 

for preventing the introduction of the diseases to clean fields, and dispersal of the pathogen 
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throughout the field. A comparison for field and in vitro resistance to AFR and C. acutatum 

HBI of 14 NCSU selections and cultivars, identified the presence of both resistances in the 

selections NCC 99-27 and NCC 02-63 and the cultivar ‘Bish’ (Rahman et al., 2013). Several 

selections from NC are resistant to C. acutatum and C. gloeosporioides HBI, particularly 

NCS 10-080 and NCS 10-147 (Jacobs et al., 2019b), but only the second genotype 

demonstrated to inherit high resistance to HBI when used in a diallel crossing design (Jacobs 

et al., 2019a). Resistance to HBI can be considered as infection rate reducing as it has the 

potential to reduce early infection of the plants in the nursery and later in production fields 

(Parlevliet, 1979).  

The resistance to C. acutatum and C. gloeosporioides has been linked to Salicylic 

Acid (SA) mediated Systemic Acquired Response (SAR) and the increase in the expression 

of flavonoid and anthocyanins biosynthesis enzymes (Amil-Ruiz et al., 2016; Namai et al., 

2013; Wang et al., 2017; Zhang et al., 2016). The presence of secondary metabolites are 

known to be associated with resistance to some pathogens. Flavonoids are known for their 

antifungal and antibacterial activity in plants’ vegetative tissues (Falcone Ferreyra et al., 

2008), and a similar role has been demonstrated for anthocyanins in fruits (Schaefer et al., 

2008). In vitro testing of catechin and quercetin-3-galactoside showed inhibition on Botrytis 

cineraria germ tube elongation, with the highest suppression ratios of 54.8% and 58.8% 

respectively, potentially correlating with in vivo effect in strawberry fruits (Tao et al., 2010). 

The potential roles of flavonoids and anthocyanins in the strawberry defense against 

Colletotrichum pathogens and their use as biomarkers for resistance is an important area for 

applied research. 
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The existence of germplasm with resistance to ACR, AFR and HBI from both 

pathogens, and the recent discovery of QTLs for ACR and AFR, enable the potential to breed 

new cultivars with resistance to C. acutatum and C. gloeosporioides. In order to incorporate 

these multiple resistances into new cultivars there is a need to characterize the effect of the 

genetic background of the strawberry genotype on the expression and stability of resistance. 

The development of additional molecular tools for genetic improvement of pathogen 

resistance is the most practical and economic way of pyramiding traits in new cultivars 

(Mundt, 2018). To achieve accurate mapping of QTLs for resistance to different anthracnose 

diseases and stages in F.× ananassa, a large population that segregates for these traits needs 

to be meticulously phenotyped in the field and in growth chambers. The main objective of 

this study is to describe the phenotypic response of seedlings in a biparental population of 

strawberry to resistance of C. acutatum and C. gloeosporioides anthracnose diseases in both 

the necrotrophic and biotrophic stages.  

 

Material and Methods 

 
Strawberry plant material. Preliminary studies in ACR and AFR resistance were 

conducted using the 68 and 71 NCSU germplasm accessions, respectively (listed in 

Appendix B). Based on previously studied biparental crosses of octoploid strawberry 

F.×ananassa (Jacobs et al., 2019a) that displayed segregation for resistance, two parents 

were selected for this study NCS 10-080) and NCS 10-147 from previously studied crosses 

with segregation of the resistance traits in their progenies (Jacobs, 2015). This cross 

generated more than 300 viable seedlings after establishment in vitro as described below, and 

280 were used in the phenotyping experiments. The seeds were extracted from mashed fruits 
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treated overnight with pectinase (Carolina Biol. Sup. Co.) at 10 drops per 75 g of fruit, with 

approx. 75 mL of water added. The seeds were separated from the pulp on a soil No. 25 sieve 

under running tap water, then were surface dried for 24 hours on filter paper at room 

temperature. The seeds were then surface sterilized with sodium hypochlorite solution (1.0% 

of available chlorine with 0.05 % of Tween 20) for 10 minutes, and rinsed three times with 

sterile deionized water. The sterilized seeds were germinated in vitro using small MagentaTM 

boxes containing MS basic media (Murashige and Skoog, 1962) with 20 g of saccharose L -1 

and Gellex (Caisson, UT) 4.0 g L-1. Small plants 1.0-2.0 cm tall were transferred to small 

MagentaTM boxes with multiplication media containing MS media with saccharose 30g L-1, 

6-Benzylaminopurine (BAP) 0.5 mg L-1, Thidiazuron (TDZ) 0.1 mg L-1, myo-inositol 0.1 g 

L-1, Polyvinylpyrrolidone (PVP-40) 0.1 g L-1 and Gellex 4.0 g L-1. After six weeks the plants 

were subcultured in tall MagentaTM boxes with growing media composed of MS media with 

saccharose 30g L-1, Indole-3-butyric acid (IBA) 1.0 mg L-1, myo-inositol 0.1 g L-1 and Gellex 

4.0 g L-1. Then, main shoot and axillary shoots were removed and replanted in multiplication 

media. This multiplication – growing cycle was repeated three times in total, and the rooted 

plants obtained from growing media were split between experiments. Only normal looking 

plants produced from lateral or apical meristems were harvested for multiplication or ex vitro 

planting. The cultures were maintained in a Precision Intellus growing chamber with light 

intensity 220 µmol photons m-1s-1 of photosynthetic active radiation, photoperiod of 16:8 

hours of light - darkness and a temperature 24 ± 1 °C. 

After the seeds had been established in vitro, they were assigned the numbering 

system Anthracnose resistant mapping population (ARMP) 18-100 to 18-344. During the 

process of establishment and proliferation in vitro, off-types and those that failed to grow 
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were eliminated from the population.  The final total number of plants for this study was 280. 

In addition, for ease of description, ARMP is not included in the remainder of this chapter.   

Inoculum preparation. Specific Colletotrichum isolates were obtained from the 

laboratory of Dr. Frank Louws (Plant Pathology and Entomology Dept., NCSU). These 

isolates were obtained from strawberry plants that had been proven to be pathogenic in 

growers’ fields (Jacobs et al., 2019a). The isolates No. 28, No. 58 and No. 84 of C. 

gloeosporioides and No. 34, No. 40 and No. 80 of C. acutatum were stored on sterile filter 

paper at -80 °C for long-term care and for short-term storage they were maintained at 4 °C in 

sealed plastic dishes with Potato Dextrose Agar (PDA) media 39 g L-1. Two weeks before the 

inoculation of the experiments, the isolates were cultivated in media containing 20 g L-1 of 

food grade oatmeal and 15 g L-1 of agar, then cultured for 10 – 12 days at 25 °C under 

continuous fluorescent light. Each isolate was prepared by adding 10 mL of deionized sterile 

water with 0.05% Tween 20 per dish, scratched and filtered with a double layer of sterile 

cheesecloth to remove the mycelial debris. The inoculum concentration of each isolated was 

evaluated with a hemocytometer and then adjusted to 1.0 x 105 conidia mL-1. The isolates of 

the same species were combined before application to the plants.  

Fieldbook application. The field data was collected with the Fieldbook Android 

application (Rife and Poland, 2014). For specific usage of the Fieldbook, instructions are 

included in the Appendix C. The Fieldbook application allowed for recording a qualitative 

score or quantitative number for each trait on every date. In addition, at each date, a 

photograph of each plot was taken and stored. At the end of each day, data that has been 

recorded and stored on the tablet was uploaded to a Google Drive folder. 
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ACR field experiment. Studies were conducted in 2017 to develop a protocol for the 

optimization of inoculation of plants with C. gleosporioides and assessment of ACR 

infection rate using a core set of 68 accessions from NCSU germplasm. The majority of this 

germplasm had been previously determined to have resistance to ACR under greenhouse 

conditions. Details of those inoculations and area under disease progress stairs (AUDPS) 

assessment studies are described below. 

Three replicates of 280 clonal plants produced in vitro from the biparental population 

were acclimatized in plastic trays of 50 cells with 1:3 peat moss – aged pine bark and keep 

under frequent overhead irrigation during 7 days in a greenhouse. After 5 weeks the plants 

were transferred to the Horticultural Research Station (HRS) at Castle Hayne, NC (latitude 

34°19′16′′N, longitude 77°54′58′′W), and planted 30 April 2018. The field was previously 

fumigated with Pic-Clor 60 EC and covered with white plastic. The experimental design was 

a randomized complete block design with two replicants of five plants each (plot). Each 

block contained seven rows of 45 plots. At both ends of the rows a plot of five ‘Albion’ 

plants were planted, but not inoculated, as negative controls. Plants were fertilized according 

to standard commercial practices in North Carolina (NCDA&CS 2011) and water was 

applied via drip irrigation. The plants were inoculated with the C. gloeosporioides mix the 

first week of June, and weekly evaluation commenced at 7 days after inoculation (DAI) and 

continued for six weeks. The day of inoculation the plants were overhead irrigated at 3:00 

pm, then inoculated at 7:00 p.m. directly to the crown of each plant.  

The disease was scored for each plant inside the plots using a disease index from 0 to 

5, where 0 = no disease, 1 = basal leaves wilted, 2 = 25% of leaves wilted, 3 = 50% of leaves 

wilted, 4 = 75% of leaves wilted, 5 = completely or almost collapsed plant (Jacobs et al., 
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2019a). The scores were entered directly into the Fieldbook application in a Galaxy Tab A 

Tablet (Samsung, South Korea), and pictures were taken with the same apparatus for each 

plot. To validate the nature of the disease, one or two plants per plot were uprooted and the 

crown was cut longitudinally, then pictures of each were taken with the same Tablet and the 

Fieldbook app at the end of the six week period. Further confirmation of disease infection 

was done at the end of the six weeks by harvesting 12 representative diseased plants from the 

field and brought back to the laboratory. The crowns were disinfected with a solution of 

1.0% of available chlorine with 0.05 % of Tween 20 for 10 minutes, then rinsed once with 

sterile deionized water. Disinfected samples were dissected to extract internal damaged 

tissues. The samples were inoculated on citric acid - PDA (A-PDA), then evaluated 7 and 15 

DAI. After 7 days, the cultures were examined to determine if they were C. gloeosporioides. 

AFR field experiment. As described above, concurrent studies were conducted in 

2017 to develop a protocol for the optimization of inoculation of plants with C. acutatum and 

assessment of infection rate of AFR using a core set of 71 accessions of the NCSU 

germplasm. No previous information was known for AFR resistance for this set of 

germplasm. Detailed protocols of those inoculation and fruit rot assessment studies, AUDPS 

are described below. 

From the same lot of acclimatized plants used for ACR experiment, one plant per 

genotype was maintained in vivo and transferred to a 10 cm square pot, fertilized with 

approx. 2.5 g per pot of slow release 19-6-12 NPK. Runners were harvested from these plants 

and the best 1-2 tips per runner were planted in 50 cell trays in the above described potting 

media. The rooted plants were maintained in the greenhouse with overhead irrigation for 6 

weeks. The plants were planted at Castle Hayne HRS the 3rd week of October 2018 on black 
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plastic covered rows previously fumigated with Pic-Clor 60 EC. The experimental design 

was a randomized complete block design with two replicants of four plants each.  Each block 

contained seven rows of 45 plots. Each row had four control plots of four ‘Albion’ plants, 

one positive control plot at the ends of the rows, one positive and one negative plot placed at 

random inside the rows. Inoculation was done the last week of February 2019. Previous to 

the inoculation the plants were irrigated as described for ACR except 1-3 flowers were 

inoculated on each plant at 7:00 p.m. The number of total fruits and number of anthracnose 

affected fruits per plant were recorded in the Fieldbook app weekly after 28 DAI for six 

weeks. The percentage of AFR affected fruits per plot was calculated per week using 

Microsoft Excel 365 (Microsoft Corporation, Redmond, WA) and used as AFR scores. Plants 

were fertilized according to standard commercial practices in North Carolina and drip 

irrigation was used as needed. 

HBI phytotron essay. Plants from in vitro culture were directly transferred to potting 

media in the NCSU Phytotron to 32 well trays. The soilless media was composed of 2:1 pea 

gravel – Sunshine Redi-Earth Pro Growing Mix (Canadian Sphagnum peat moss 50-65%, 

vermiculite, dolomitic lime, 0.0001% Silicon dioxide). The plants were maintained in an A 

type chamber at 24 ±0.25 °C, photoperiod of 16:8 hours light – darkness, illumination 

provided with a combination of T-5, cool-white fluorescent (4100 Kelvin) and 60 W 

incandescent lamp for an light intensity of approx. 700 µmol m-1s-1, the minimum relative 

humidity of 70% CO2 concentration between 400-450 ppm and watered with the Phytotron 

standard nutrient solution as needed  (Saravtiz and Chiera, 2019). Nine weeks after planting 

the foliage of one plant of each genotype was sprayed to run off with C. gloeosporioides or 

C. acutatum conidia suspensions, maintained in opposite sides of the chamber on plastic carts 
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and covered with clear plastic domes. The relative humidity was maintained at 100% with a 

humidifier for 72 hours. From each plant, 3 leaflets from mature composite leaves were 

collected in plastic bags at 7, 14 and 21 DAI and taken to the laboratory. The leaves were 

treated with the herbicide diquat dibromide using the established protocols for “paraquat 

herbicide assay” (Cerkauskas and Sinclair, 1982: Rahman et al., 2013). Paraquat and diquat 

are identified chemically as dipyridyls, and have the same mode of action. However, diquat 

was used in this study because it has higher herbicidal activity on broadleaf plants, a higher 

LD50 than paraquat and is not registered as a restricted herbicide (Roberts and Reigart. 

2013).  The modified “paraquat herbicide assay” was as follows: 1) the leaflets were 

immersed in 70% ethanol for 10 seconds; 2) transferred for 60 s in 1.0% chlorine solution 

with 0.05 % of Tween 20; 3) two rinses with deionized water; 4) immersed for 60 s in diquat 

at 20 mL L-1; 5) one final rinse with deionized water. The leaflets were placed adaxial side up 

on wire mesh frames inside clear polycarbonate boxes with a double layer of paper towels at 

the bottom, and 100 mL of sterile deionized water, then exposed to natural sunlight near a 

window for one day. The leaves were evaluated for sporulation at 7, 14 and 21 after diquat 

treatment and photographed with a Canon DSLR camera EOS 60D with a 18-55 mm lens. 

The photographs were analyzed with ImageJ software applying the “Phenotype Quant” tool 

(Abd-El-Haliem, 2012) for total leaflet area and sporulation area using custom defined 

settings. The percentage of sporulation leaf area (PSLA) was calculated using Microsoft 

Excel and used as HBI score. 

Secondary metabolites measurement. Leaf content of flavonoid and anthocyanin was 

measured in three young mature leaves from two plants of each genotype planted in the field 

at the end of May 2019. The measurement was performed using the Dualex Scientific+™ 
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Chlorophyll and Polyphenol-Meter (Force-A, France) and scored as concentration index 

according to specific absorbances of flavonoid and anthocyanins. 

Data analysis. The evaluation of multiple dates for disease scores of ACR, AFR and 

HBI were calculated using the AUDPS, with the formula for equal times between evaluations 

(Simko and Piepho, 2012): 

𝐴𝑈𝐷𝑃𝑆 =
𝑦 +  𝑦

2
× (𝑡 − 𝑡 ) +  

𝑦 + 𝑦

2
×

𝑛 − 1

𝑛 − 1
=  𝑦 × 𝑛 

where 𝑦  is the assessment of a disease, 𝑦  is the next assessment in time, 

correspondinType equation here.g to times 𝑡  and 𝑡 , with total sampling times n and 𝑦 

the average of the disease assessments. In addition, the relative AUDPS was calculated as: 

𝑟𝐴𝑈𝐷𝑃𝑆 =
𝐴𝑈𝐷𝑃𝑆 × (𝑛 − 1)

𝐷 × 𝑛 × 𝑦
 

where 𝑦  is the maximum value assessed. All calculations were done using the R 

package ‘Agricolae’ v. 1.3-1 (de Mendiburu and Simon, 2015), implemented for R Statistical 

software (R Core Team, 2019). AUDPS scores of AFR and HBI for both pathogens were 

transformed  2 × 𝑎𝑟𝑐𝑠𝑖𝑛𝑒√𝐴𝑈𝐷𝑃𝑆  to approach normality. A correlation matrix was 

generated and plotted using the Pearson’s method with the R package ‘GGally’ 1.4.0 

(Schloerke et al., 2019). Normality of the variables were tested using the Jarque and Bera 

(1980) test implemented in the R package ‘tseries’ 0.10-47 (Trapletti et al., 2019). 

Mix models analysis for ACR, AFR, flavonoid and anthocyanins were performed 

using the R package ‘lmer4’ v. 1.1-21 (Bates et al., 2015), with genotype and repetition as 

random variables. Variance parameters were calculated for broad sense heritability (H2) 

estimation using the restricted maximum likelihood (REML) method. Estimated heritability 

was calculated as: 
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𝐻 =
𝜎

𝜎
=  

𝜎

𝜎 + 𝜎 + 𝜎
 

where 𝜎  is the genetic variance, 𝜎  phenotypic variance, 𝜎  variance repetitions and 

𝜎  variance of error.  Best Linear Unbiased Predictions (BLUPs) were obtained from the 

fitted model to determine genotypes with higher values. All basic scripts for R are included 

in Appendix D.  

 

Results  

 
ACR analysis. The necrotrophic phase of the infection of C. gloeosporioides or ACR 

was evaluated in the field using the symptom scale proposed for field evaluations. Data 

obtained for the NCSU strawberry germplasm is included in the Appendix B. The observed 

symptoms on the NCSU germplasm and the ARMP started with the wilting of lower leaves 

(Fig. 2.2A) and progressed to total collapse of the plant with rapid senescence of foliage. 

Frequently the youngest leaves were still alive and turgent for an additional week prior the 

dry foliage phenotype appeared (Fig. 2.2B). Also, internal damage to the crown was 

observed as a reddish – brown discoloration, this symptom was present in all plants that were 

longitudinally sliced for evaluation (Fig. 2.2C). No root damage was observed in any of the 

harvested plants. From the representative samples evaluated in A-PDA, all the plates 

observed developing mycelia typical of C. gloeosporioides, except one that presented C. 

gloeosporioides and Fusarium spp. A second sampling of six plants revealed the presence of 

C. gloeosporioides but the absence of the Fusarium spp. infection.  

ACR affected a high number of plants in the field, including all the plots by the sixth 

week of evaluation. Several plots had reduced incidence associated with the more resistant 
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genotypes’ plots. Data analysis showed significant effect of row on the AUDPS scores and 

was included as a fixed effect in the mixed linear model (p-value = 0.003). In general, the 

seedling population had a general mean AUDPS of 126.8 (Table 2.1). Negative ‘Albion’ 

controls had an average AUDPS of 15.6, but not enough positive controls were set to obtain 

meaningful comparisons to the biparental population. The most resistant genotypes based on 

the BLUPs’ results were 18-041 and 18-079, but the genotypes 18-071, 18-028, 18-251, 18-

121, 18-006, 18-259, 18-163, 18-218, 18-099, 18-318, 18-343, and 18-074 also presented 

high resistance, in descending order, representing a 5% of the genotypes. Comparison of 

resistance data of these and other genotypes is presented in the Appendix E.  

All of the highly resistant plants presented problems in flowering, mostly producing 

very few and late flowers and irregular flowering overall (data not shown). In general, the 

biparental population segregated for the ACR disease resistance was not normally distributed 

(Fig. 2.3A), as it didn’t pass the stringent Jarque-Bera test (Χ2
df=2 = 103.88, p = 2.2×10-16), 

and no transformation improved its normality. The ACR trait had a low estimated broad 

sense heritability in this population, 0.25 (Table 2.1). 

AFR analysis. The AFR evaluation of fruit started the third week of fruiting, when 

most of the genotypes were flowering. All the damaged fruit was counted as infected 

regardless of the lesion size, and only counting typical AFR damage (Fig. 2.4). The 

calculated relative AUDPS values from the proportion of AFR affected fruits was 

transformed to approach normality (Fig. 2.3B). The average of AUDPS values for the 

biparental population was 1162.0 and the ‘Albion’ plots had a significatively higher AUDPS 

mean of 2100.5 (p-value = 2×10-16). Row was not a significant factor in the AUDPS scores 

of AFR. The genotypes showed a variation in the incidence; some had almost all fruits 
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affected, as 18-180 compared to the genotype 18-245, with only one fruit infected along the 

season. Other clones with high resistance levels were 18-102, 18-289, 18-186, 18-109, 18-

101, 18-121, 18-319, 18-039, 18-278, 18-073, 18-002, 18-174 and 18-251, based on BLUPs. 

All these genotypes represent 5% of the total. The AUDPSr data was subjected to 

transformation to improve normality of the distribution, passing the Jarque-Beta test (Χ2
df=2 = 

4.78, p = 0.091). The broad sense heritability of the resistance to AFR was medium near half 

of the phenotypic variation, 0.47 (Table 2.1). 

HBI analysis. The hemibiotrophic infection assay was performed in the 

homogeneous environment of the NCSU phytotron with high relative humidity to ensure the 

germination of the inoculated spores. The PSLA for C. gloeosporioides averaged 32.9, 

minimum value of zero and maximum 237.0. For C. gloeosporioides HBI the distribution 

was equally skewed to the left and corrected partially with transformation (Jarque-Beta test, 

Χ2
df=2 = 76.1, p = 2.2×10-16), (Fig. 2.3C). The 11 genotypes that displayed the highest 

resistance in descending order were 18-202, 18-038, 18-208, 18-036, 18-210, 18-081, 18-

314, 18-026, 18-242, 18-290 and 18-079, with AUDPS scores under 1.0 and another 26 

genotypes with scores under 4.5. The calculated PSLA scores for C. acutatum HBI were 

combined using the AUDPS and averaged 20.1, with a minimum value of 0.6 and a 

maximum of 103.8 (Table 2.1). The distribution of the relative AUDPS was skewed to the 

left and required the transformation to approach normality, but skewness was not completely 

corrected (Jarque-Beta test, Χ2
df=2 = 38.2, p = 5.1×10-9), indicating a major proportion of the 

genotypes had low HBI infection, and was under the average value (Fig. 2.3D). The 

genotypes that displayed the highest level resistance to C. acutatum HBI, were in descending 

order, 18-147, 18-328, 18-329, 18-290, 18-022, 18-222, 18-285, 18-297, 18-336, 18-178 and 
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18-071. All these 11 genotypes had AUDPS under 3.0, and another set of 21 genotypes had 

scores under 4.5.  

Flavonoids and anthocyanin analysis.  Basal flavonoids and anthocyanins leaf 

content in the biparental population approached a normal distribution for both traits (Fig. 

2.3E and F), but also showed a skewedness to the right for flavonoids (Jarque-Beta test, 

Χ2
df=2 = 25.61, p = 2.7×10-6), or to the left for anthocyanins (Jarque-Beta test, Χ2

df=2 = 132.9, 

p = 2.2×10-16). 

Correlation analysis. The traits revealed no correlation between resistance to ACR, 

AFR, HBI for both pathogens or the leaf concentration index of flavonoids or anthocyanins 

(Fig. 2.5). Even so, multiple plants presented resistance or high tolerance to two pathogens at 

the same time, including 18-251, 18-121, 18-343, 18-267, 18-109, 18-186 and 18-102 as 

resistant or tolerant to either ACR and AFR (7 plants); 18-158, 18-290 18-250 and 18-315 

resistant to HBI of both pathogens (4 plants); 18-147, 18-297, 18-071 and18-255 resistant to 

HBI C. acutatum and ACR (4 plants); 18-242, 18-132, 18-220, 18-278 and 18-121 resistant 

to HBI C. gloeosporioides and AFR (5 plants); 18-328, 18-329, 18-002 and 18-245 resistant 

to HBI of C. acutatum  and AFR (4 plants);  and 18-079 and 18-121 resistant to HBI C. 

gloeosporioides and ACR (2 plants). 

 
 
 
Discussion 

 
Crop resistance to fungal diseases is needed for long term management of pathogens 

(Mundt, 2014; 2018). This is becoming more important as the incidence of pathogens 

resistant to fungicides increases (Lo Iacono et al., 2013; Vleeshouwers and Oliver, 2014; 
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Wolfe, 1981). This is applicable in the recent cases of the Colletotrichum strawberry 

pathogens that have been found to be resistant to fungicides (e.g., C. acutatum (Forcelini et 

al., 2016; LaMondia, 1995); C. gloeosporioides (Peres et al., 2017)).  

The segregation of resistance to ACR approached normality for the biparental 

population used in this study but was not completely normal. The same cross NCS 10-080 × 

NCS 10-147 was reported with a population of 40 seedling for the resistance to ACR with 

irregular distribution, and no significative Specific Combining Ability (SCA) in the diallel 

analysis with other crosses (Jacobs, 2015). The broad-sense heritability of ACR resistance in 

this study was a low 0.25, lower than the value estimated by other studies (Anciro et al., 

2018, H2 = 0.29-0.40; Jacobs et al., 2019a, H2 = 0.61; Osorio et al., 2014, H2 = 0.37-0.46). 

These relatively low estimates indicate a higher heterogeneity on the testing environments, 

and probable different genetic architecture on the populations tested, or the ACR resistance 

trait is affected by environmental covariables not studied, implying the need for better 

experimental designs for future studies. Other seedling populations of the same cross were 

tested for C. acutatum HBI or C. gloeosporioides HBI and showed the skewed distribution of 

the PSLA at 21 DAI, similarly to the cumulative values calculated for in this study using the 

AUDPS, indicating the need of transformation for using this data in further studies, as 

suggested by Jacobs and collaborators (2019b). The same transformation was applied to the 

AFR AUDPSr to improve normality in this work, and this allowed the linear model analysis 

used to obtain the heritability of the trait (0.47), a moderate value coincident with a previous 

report (Salinas et al., 2019). Moderate to high heritability of a trait is desired for breeding 

purposes, then potentially reduceing the complexity to achieve a successful breeding program 

for AFR resistance. The genotypes with high resistance levels to ACR produced very few or 
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no fruits, making it difficult to evaluate the AFR resistance in this genotypes, except for 18-

343, a plant that produced some fruit with good flavor and a score for AFR in the middle of 

the susceptibility-resistance range, making it a candidate for breeding ACR resistance.  

The resistance to hemibiotrophic and necrotrophic infection to one or another species 

of Colletotrichum was found, although the number of genotypes with combined resistance 

was low compared with the total size of the tested biparental population. This low proportion 

is predictable based on the very low correlations observed between the different pathogen – 

stage combinations (Fig. 2.5), suggesting that the mechanism of resistance to the HBI for C. 

acutatum, HBI for C. gloeosporioides, ACR and AFR are mostly independent of each other. 

A previous report indicated the HBI for C. acutatum and AFR exhibited a low correlation 

(Rahman et al., 2013). This implies different mechanisms of resistance, likely attributed to 

completely different set of physical barriers and biochemical mechanisms, thus the resistance 

to both stages have different genes involved. Negative genetic correlation values had been 

reported for HBI to both pathogens and ACR when 20 biparental populations were evaluated 

in a diallel matting design, probably due to the opposite phenotypes found in some of the 

parents tested. However, they may have erroneously reported that there was high genetic 

correlation between resistance scores of C. acutatum HBI and C. gloeosporioides HBI, as the 

plants tested for each one were different seedling populations, not clonal populations (Jacobs 

et al., 2019a).  

The presence of HBI resistance is considered a rate limiting factor for the occurrence 

of AFR in the field (Rahman et al., 2013). Epidemiological studies for C. gloeosporioides 

indicate that HBI in the mother plants accounts for the high incidence of ACR on the runner 

plants (Rahman et al., 2015), so the resistance to the HBI could be a rate limiting factor to the 



   

55 
 

necrotrophic phase also. Hence, the resistance to HBI is of major importance and should be 

considered for breeding purposes, although it may not be easy to pyramid with the resistance 

to the ACR and AFR diseases using traditional breeding methods. 

Previous studies have shown that there is a correlation between flavonoid and 

anthocyanin content in young mature leaves grown in the field and resistance to anthracnose.  

The potential of enzymes and secondary metabolites as biochemical markers was high in 

strawberry anthracnose as transcription levels for enzymes on various pathways when leaves 

had necrotrophic infections (Amil-Ruiz et al., 2016; Namai et al., 2013; Pillet et al., 2015; 

Wang et al., 2017). Another study suggested the role of lipoxygenase activity in ripening 

fruits in the severity of AFR, but not as the only factor (Rahman et al., 2013). However, we 

found no significative correlation between flavonoid and anthocyanin basal content and 

resistance (Fig. 2.5). More studies are required to uncover the importance of biochemical 

mechanism in the resistance to Colletotrichum in F. ×ananassa. The indications from 

transcriptomic studies point toward the anthocyanin pathway as an important pathway to 

study, and could be analyzed in relationship to salicylic acid pathway on different healthy 

tissues or stages of Colletotrichum diseases. 

The results of this study indicate there is segregation in the resistance of strawberry to 

multiple pathogens in the population we studied. These studies were conducted under field 

conditions where humidity and temperatures are high recorded in Southeastern coast of North 

Carolina. Similarly, the conditions in the highly controlled growth chambers (NCSU 

Phytotron) enabled us to evaluate with confidence HBI infection. These results are useful for 

the NCSU strawberry breeding program, as they have identified a number of genotypes that 

can be used as parental material in the breeding program. In addition, these results form the 
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basis for future studies to uncover the genetic architecture of anthracnose resistance traits in 

the octoploid strawberry, and to help us to determine QTLs for those traits. This will allow 

for the development of molecular markers to assist plant breeders to reduce the cost and time 

to bred and develop cultivars with multiple disease resistance.  
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Figure 2.1. Stages of Colletotrichum diseases, anthracnose fruit rot (AFR, C. acutatum) and 
crown rot (ACR, C. gloeosporioides), in F. ×ananassa. The figure shows the location of the 
disease in the biotrophic stage in leaves and necrotrophic stages in fruit or plants. Source: Dr. 
Leonor Leandro. 
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Figure 2.2. Symptoms of anthracnose crown rot observed in strawberry plants in a plot at the 
Horticultural Research Station field, Castle Hayne, evaluated the A) 3rd and B) 4th week after 
inoculation and C) internal discoloration of the crown observed in the wilting plants of the 
same plot, no root damage observed.  Note: pictures form genotype 18-010 replication 1. 
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Figure 2.3. Distribution of evaluated traits in the biparental strawberry population AUDPS 
for: A) AFR, B) ACR, C) HBI C. acutatum and D) HBI C. gloeosporioides, and the index 
values for E) flavonoids and F) anthocyanins. Note: dashed line marks average. 
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Table 2.1. Summary statistics of trait values, variances and broad sense heritability estimate 
on the population of seedling of NCS 10-080 × NCS 10-147. 

Trait Mean SD Variance (P) Variance (G) H2 

ACR AUCPS  126.8 31.5 978.79 245.378 0.25 
AFR AUCPS1 1162 619.2 0.162 0.076 0.47 
HBI AUCPS 
C. gloeosporioides 

20.059 18.045 - - - 

HBI AUCPS 
C. acutatum 

32.919 43.36 - - - 

Flavonoids  1.709 0.187 0.035 0.022 0.63 
Anthocyanins  0.144 0.021 4.338e-4 7.501e-5 0.17 

Note: 1 relative value of Area under Disease Progress Stairs was transformed data 
2 × 𝑎𝑟𝑐𝑠𝑖𝑛𝑒√𝐴𝑈𝐷𝑃𝑆 for mixed model analysis and parameter estimation.  
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Figure 2.4. Symptom of anthracnose fruit rot on strawberry observed at the Horticultural 
Research Station field, Castle Hayne, NC. 
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Figure 2.5. Pearson correlation matrix for evaluated traits in the biparental strawberry 
population: AUDPS for AFR, ACR, HBI C. acutatum and HBI C. gloeosporioides, and the 
index values for flavonoids and anthocyanins. 
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CHAPTER 3: Genotyping by Sequencing of a Biparental Octoploid Population and 

Quantitative Trait Loci Analysis for Resistance to Colletotrichum acutatum                 

and C. gloeosporioides Biotrophic and Necrotrophic Stages 

 
Abstract 

 
The cultivated strawberry is an allo-octoploid plant with a small but complex 

genome. Several studies and methodologies have been used to understand its genome and to 

develop molecular tools for genetic improvement, with particular interest in traits such as 

fruit quality and disease resistance. The recent publication of the octoploid reference genome 

and new tools for polyploid studies have opened the opportunity to explore the strawberry 

genome to find Quantitative Trait Loci (QTLs) and describe the genetic architecture of the 

plant’s traits. A biparental population of NCSU advanced selections consisting of 280 plants 

was genotyped via Genotyping by Sequencing (GBS) using the omeSeq restricted 

representation sequencing method and processed for Single Nucleotide Polymorphism (SNP) 

calling and Genome Wide Association Studies (GWAS).  Phenotypic data was previously 

obtained for the resistance to the necrotrophic diseases of Colletotrichum, C. gloeosporioides 

Anthracnose Crown Rot (ACR) and C. acutatum Fruit Rot (AFR), and the leaf 

Hemibiotrophic infection (HBI) to both pathogens. The omeSeq protocol produced 2.47 

billion reads of 302 bp (151 for each forward and reverse read), reduced to 1.84 billion after 

filtering. From these reads 92.32% mapped to the octoploid strawberry reference genome. 

The SNP calling generated 40533 SNPs in diploid mode and 48369 SNPs in 4x mode, with 

1844 and 940 SNPs kept after filtering, respectively. Preliminary GWAS analysis determined 
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the presence of major QTLs for ACR in chromosomes 3 and 5, for AFR in chromosomes 2 

and 6, for C. gloeosporioides HBI in chromosome 5 and for C. acutatum in chromosome 4.  

 

Introduction  

 
The cultivated strawberry, Fragaria ×ananassa Duchesne ex Rozier, is a polyploid 

crop, that is primarily clonally propagated.  Strawberries are widely cultivated in temperate 

regions of the globe and have aromatic and flavory fruits with health benefits derived from 

their high content of vitamins and antioxidant compounds. The cultivated strawberry is a 

segmental allo-octoploid plant with a small genome compared to other cultivated plants, with 

only 813.4 Mbp/C. However, it is extremely complex with four different subgenomes 

derived from diploid wild species with high similarity and partial synteny, subgenome 

rearrangements, and expression dominance (Barbey et al, 2019; Edger et al., 2019; 

Tennessen et al., 2014). This crop has been bred for more than two centuries with the aim of 

developing larger, tastier fruits, and healthier and more productive plants. However, 

strawberry breeding has challenging problems to overcome, including a polyploid genome, 

high degree of genomic heterozygosity, scarcity of genomic tools for polyploids, and 

different ploidy level of the available genetic resources (Yanagi and Noguchi, 2016). 

Although polyploidy generates challenges, it also has advantages as has been demonstrated 

in many wild and cultivated plants species including the increase of adaptability from the 

novel phenotypes observed in progenies after polyploidization (Spoelhof et al., 2017).  For 

example, in the allopolyploids Brassica and cotton (Gossypium hirsutum L.) the higher 

ploidy levels have led to morphological and physiological adaptations that improve stress 

response (Tamayo-Ordóñez et al, 2016).  The complexity of the strawberry genome should 
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not be considered only a limiting factor. In fact, it is the reason of the extraordinary diversity 

and adaptability of this crop to diverse environmental conditions, and why it has better fruit 

and agronomic characteristics compared to diploid species, including an ample spectrum of 

disease resistances (Nellist, 2018; Yanagi and Noguchi, 2016). Subsequent adaptation after 

polyploidization is affected by the interaction of the subgenomes, including expression 

deregulation or dominance, conservation of multiple dosage loci, neofunctionalization or 

elimination of shared loci, genomic rearrangements, and other phenomena that can lead to 

conservation of segmental ploidy or diploidization (Clevenger et al., 2015; Conant et al., 

2014; Soltis et al., 2015; Woodhouse et al., 2015). 

The sequence duplicity between homeologs in allopolyploids is the major challenge 

for their correct genotyping (Clevenger et al., 2015; Mason, 2015). Two plants with high 

level of homology between subgenomes are peanuts (Arachis hypogaea L.) and strawberry. 

The low degree of subgenome differentiation had for a long time hindered the correct 

separation of subgenomes (Hirakawa et al., 2014; Pandey et al., 2012) until recent efforts 

with new genomic and bioinformatic tools allowed the full sequencing of peanut (Bertoli et 

al., 2019) and strawberry (Edger et al., 2019) genomes. The lack of reference genomes and 

the complexity of dosage calling in hexaploid and octoploid plants was little explored. In 

many cases, even with the availability of reference genomes of the ancestral progenitor 

species for the crop of interest, the treatment of the SNP data was done to capture only 

variations with disomic inheritance, reducing the possibility of studying multisomic 

arrangements and dosage calling (Clevenger et al., 2015; Ferrão et al., 2018). Sweetpotato is 

an auto-allo-polyploid without a complete reference genome. However, an elegant alternative 

has been elaborated using the diploid parent species genomes as references to call SNP 
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genotypes from a modified GBS approach named GBSpoly. This methodology enables the 

generation of allele and dosage calling for 2x, 4x and 6x ploidy patterns (Wadl et al., 2018), 

allowing the mapping of different dosage variants and a deeper understanding of the meiotic 

behavior of sweetpotato’s genome (Mollinari et al., 2019).  

In strawberry, genomic studies have demonstrated its complexity and the limitation of 

the available tools for dosage calling of SNPs. Two studies in strawberry focused on the use 

of reduced representation sequencing (RRS) in strawberry, the first using double digest 

restriction-site associated DNA sequencing (ddRADseq) (Davik et al., 2015b), and the 

second utilized GBS (Vining et al., 2017). However, was limited success due to the 

limitations of the restriction enzymes used in these studies and the lack of the full octoploid 

reference genome to align the reads and suitable bioinformatic tools. The primary tool used 

for SNP calling in strawberry had been the Affymetrix genotyping microarrays Axiom® 

IStraw90 SNP (Bassil et al., 2015) and its upgrade, the Axiom® IStraw35 384HT SNP 

(Verma et al., 2017), both constructed to determine the subgenomic position of the SNP 

variants. These microarrays were used for the SNP calling accompanied with GWAS and 

Bayesian QTL analysis, allowing the determination of necrotrophic phase resistance QTL 

FaRCg1 for the anthracnosis crown rot (ACR) produced by C. gloeosporioides (Anciro et al., 

2018), and the QTL FaRCa1 for the Colletotrichum acutatum’s anthracnose fruit rot (AFR) 

(Salinas et al, 2019). Nonetheless, to date no QTL has been discovered for the biothrophic 

stage of the strawberry anthracnose diseases, which is the stage that has a quiescent 

overwintering behavior in the leaves (Leandro et al., 2001; 2003), with disease dispersal 

during the spring growth of the crop and affecting significatively plant productivity and 

survivorship (Rahman et al., 2013; 2015). The objectives of this study were to detect the 
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QTLs related to these resistances to ACR, AFR and C. acutatum and C. gloeosporioides HBI 

in an octoploid biparental population, using SNP markers discovered and called from RRS 

genotyping and GWAS methodology for polyploid genomes.  

 
 
Material and Methods 

 
Biparental population of strawberry and phenotyping. The population of plants used 

in this study was obtained from the cross of the NCSU selections NCS 10-080 (mother) and 

NCS 10-147 (father). The same cross previously generated data that showed segregation of 

the traits of interest, hemibiotrophic and necrotrophic infection phases of C. acutatum and C. 

gloeosporioides (Jacobs et al., 2019). Full description of the population’s propagation and 

phenotyping are described in Chacón Jiménez (chapter 3 of this document). In summary, the 

cross produced 280 full sibs that were propagated in vitro culture, and acclimated ex vtiro in 

a greenhouse. A clonal set of plants was evaluated in the field for resistance to C. 

gloeosporioides anthracnose crown rot (ACR) and another set for C. acutatum fruit rot 

(AFR).  Another group of clones was acclimated and grown in the NCSU phytotron for foliar 

inoculation of one of the pathogens and Hemibiotrophic Infection (HBI) resistance 

phenotyping using Diquat dibromide herbicide in substitution for the ‘paraquat herbicide 

assay” (Cerkauskas and Sinclair, 1982: Rahman et al., 2013).  

Genotyping by sequencing. Young unfolded leaves were collected from the parent 

plants and all the progeny and then freeze dried with a General-Purpose Freeze Dryer (SP 

Scientific: Warminster, PA). The dried leaves were maintained at -20 °C in sealed plastic 

vials before DNA extraction.  Total genomic DNA was extracted using 45-50 mg of tissue 

per sample ground with a 1600 MiniG tissue grinder (SPEXSample Prep, Metuchen, NJ) and 



   

76 
 

using the Mag-Bind® Plant DNA DS 96 Kit (Omega Bio-Tek; Norcross, GA) following the 

manufacturer instructions and a EpiMag HT (96-Well) Magnetic Separator (Epigentek Group 

Inc.: Farmingdale, NY). The samples’ genomic DNA integrity was checked by running 2.5 

µL of sample’s DNA mixed with 2.5 2X loading buffer (2 parts of water and one part of 6X 

loading dye, Apex BioResearch Products/ Genesee Scientific: El Cajon, CA) in an 1% 

agarose gel. DNA concentration and quality for each sample was determined with the Quant-

iT™ PicoGreen™ dsDNA Assay Kit assay (Thermo/Fisher Scientific: Waltham, MA) 

prepared according to manufacturer’s instructions and measured with a Synergy HTX Multi-

Mode microplate reader (BioTek; Winooski, VT). The DNA was diluted to 20 ng/µL with 

molecular biology grade water. The genomic library preparation was conducted by the 

NCSU Genomic Service Laboratory, using a modified GBSpoly that aims to increase allele 

quantification accuracy by avoiding the use of methylation-sensitive enzymes (omeSeq), uses 

a double digest based on NsiI and NlaIII enzyme combination and ensures accurate 

demultiplexing (Mollinari et al., 2019 Supplemental Materials; Wadl et al., 2018). Next 

Generation Sequencing (NGS) was performed using the Illumina NovaSeq 6000 platform on 

one S2 flow cell for 150 bp paired end sequencing. Each seedling’s (progeny) DNA was 

sequenced once, and the parents were repeated four times each for quality control and to 

ensure sufficient read depth in the parents. The high read depth in the parents ensures 

accurate genotype calls, which is important for performing segregation distortion test and 

SNP quality filtering. 

Genotype calling. The ngsComposer set of tools based on Python and R (Kuster and 

Olukolu, 2019) was used to process the NGS reads, including buffer sequence trimming, 

demultiplexing, barcodes trimming and quality control with a minimum base quality of 20 
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and 30 for boxplot whiskers and 1st quartile. The SNP calling and filtering was performed 

with the GBSapp pipeline that integrates several bioinformatic tools (Wadl et al., 2018). In 

summary, the F. ×ananassa reference genome (Edger et al., 2019) was split into its four 

subgenomes and the reads were aligned to them using the BWA-MEM procedure (Li, 2013), 

producing read subgenome-sensitive alignments with 2X (diploid), 4X (tetraploid), 6X 

(hexaploidy) or 8X (octoploid) genotypes. Further processing of the alignment files was 

performed with SAMtools 1.9 (Li et al., 2009; Li, 2011) and Picard Tools 2.21.4 (Broad 

Institute, 2019a). SNP calling and dosage calling were performed with GATK 3.8.1 using the 

HaplotypeCaller (Broad Institute, 2019b). The SNP calls and read depth information were 

mined from the VCF files using the VCFtools v.0.1.16 (Danecek et al., 2011), while variant 

quality filtering was performed using a custom R script, GBSapp-snpfilter (Olukolu and 

Yencho, unpublished: R Core Team, 2019). 

GWAS. Analysis of variance and estimation of Least Squares means (LSmeans) or 

Best Linear Unbiased Prediction values (BLUPs) using a mixed linear model, test for 

normality, estimation of heritability, and correlation analysis was performed in R Statistical 

software (R Core Team, 2019). The relationship matrix, which accounts for population 

structure was computed using the Slater method implemented in the R-package AGHmatrix 

(Amadeu et al., 2016). The genome-wide association analysis was performed using the R-

package GWASpoly (Rosyara et al, 2016). This procedure was repeated for the SNP calls for 

the ploidy level 2x, 4x, 6x and 8x.  
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Results  

 
The raw data from the omeSeq protocol on the NovaSeq 6000 S2 PE platform 

produced more than 2.47 billion reads of 302 bp before trimming (151 bp for each of forward 

and reverse reads), with a quality score (phred) average of 36 (Figure 3.1). After the 

processing with ngsComposer for demultiplexing, trimming, filtering and quality control 

1.84 billion reads were kept (Figure 3.2). The alignment of the reads mapped 92.32%, on 

average, to the allo-octoploid strawberry reference subgenomes.  

The SNP calling for the parents generated 40,533 SNPs compared to the reference 

genome in a diploid mode, with the major part as 0/0 calls (71.19% for NCS 10-080 and 

77.66% for NCS 10-147). The biparental population had 12,902 SNPs called with 66.15% of 

them in 0/0 × 0/0 configuration, producing a subset of 3,800 potentially useful SNPs. After 

filtering, the mapping population generated 1844 2x SNPs (Figure 3.3A), with a great portion 

affected by segregation distortion, producing 1148 2x SNPs not affected by segregation 

distortion (Figure 3.3B). The polyploid analysis produced only 4x markers, but none at a 

higher ploidy number. Similarly, for the diploid calling, the 4x SNP calling for parent 

generated 48369 SNPs, a major part in a 0/0/0/0 configuration (72.58% for NCS 10-080 and 

75.04% for NCS 10-147). There were 9485 detectable SNPs in the biparental population, 

70,55% in a 0/0/0/0 configuration. The usable subset after filtering contained 7452 SNPs, and 

only 999 of them were not affected by segregation distortion (Figure 3.4). The SNP from the 

remaining samples have a depth superior to 100 for all the ploidy models of calling. 

Preliminary GWAS analysis with the 4x SNP calling model indicated the presence of 

quantitative trait loci for the traits of interest.  Two QTLs were detected for ACR resistance, 

one in chromosome 3 and another one in chromosome 5.  Both had additive effects, but were 
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discovered only with the inclusion of segregation distorted markers (Figure 3.5). Two QTLs 

were found for AFR resistance in chromosomes 2 and 6 with additive genetic effects in the 

analysis without distorted markers (Figure 3.6). The HBI resistance for C. gloeosporioides 

had a QTL on chromosome 5 with additive genetic effects (Figure 3.7). The results for C. 

acutatum HBI support a QTL on chromosome 4 with additive effects (Figure 3.8).  

 

Discussion 

 
The omeSeq protocol used in this study is similar to the applied to sweet potato 

(Ipomoea batata) by Mollinari and collaborators (2019), with the main difference in the 

selection of the two restriction enzymes employed. The amount of reads and called SNPs in 

the present study is superior to both previous strawberry’s studies (Davik et al., 2015b; 

Vining et al., 2017). In our study, the selection of enzymes, the preparation of the library, and 

the sequencing platform allowed for an optimized amount of reads according to the service 

provider estimates (GSL, 2019). Another major difference was the use of the complete 

reference genome for the octoploid strawberry for the reads mapping, that previously was 

done without reference in one case (Davik et al., 2015b), or using only the diploid species F. 

vesca and F. iinumae reference genomes in the other (Vining et al., 2017). There are major 

structural differences, as inversions, deletions, recombinations between subgenomes and the 

presence of other two subgenomes, that make non optimal the use of the diploids species 

genomes for mapping (Edger et al., 2019).  The amount of reads per sample after filtering 

generated high quality callings with superior depth for each ploidy level. A high proportion 

of SNPs with segregation distortion was observed in SNPs markers of octoploid strawberry 

(Davik et al., 2015b) and the diploid F. vesca (Davik et al., 2015a), but in a lower proportion 
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in SNP markers for the diploid species F. iinumae (Mahoney et al., 2016). A high level of 

segregation distortion was observed in single sequence repeat marker of a diploid species 

backcross, suggesting a major chromosomal divergence between parent species (Nier et al., 

2006). In general, segregation distortion is more likely to occur in loci under selection 

pressure and can affect QTL mapping with low resolution markers (Spindel et al., 2013).  

Resistance to anthracnose diseases is considered an important trait for cultivars bred 

for the Southeastern region of the US and other areas with high humidity and temperatures 

during part of the production season (Samtani et al., 2018). Previous epidemiological and 

resistance studies had not only looked for resistance between strawberry cultivars and 

breeding lines to the necrotrophic and biotrophic stages (Rahman et al., 2013; 2015), but also 

for description of the genetic components of the resistance and the potential use of particular 

genetic resources for resistance breeding (Jacobs et al., 2019; Osorio et al., 2014). The QTL 

analysis with a GWAS polypoid model confirmed the existence of a major QTL for AFR in 

the chromosome 6, as it was indicated previously for the QTL FaRCa1 (Salinas et al., 2019). 

Further analysis of the data is needed for the confirmation of the colocalization of both 

QTLs. The genetic effect of this QTL was reported as partially dominant, but our data 

indicated there were mainly additive effects. The two QTLs discovered in this study for ACR 

are located chromosomes 3 and 5, contrasting with the QTL FaRCg1 mapped for the linkage 

group 6B (Anciro et al., 2018). Present work provides the first report of QTLs for the 

biotrophic stages of the Colletotrichum pathogens of strawberry. In particular, the HBI 

resistance QTL was also detected including the markers affected by segregation distortion. 

The inclusion of molecular markers with segregation distortion in the QTL studies could 

reduce the power of detection QTLs, but mostly for those with dominant effects. The use of 
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dense markers can reduce this problem (Xu, 2008), allowing QTL studies even in 

populations with high selection pressure (Cui et al., 2013). 
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Figure 3.1. Quality control of reads produced by GBSpoly protocol applied to the biparental 
population of NCS 10-080 × NCS 10-147 cross, for the forward (A) and backward (B) bands. 
Occurrence of outliers is indicated in red dots. 
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Figure 3.2. Quality control of omeSeq genotyping by sequencing reads of the biparental 
population of NCS 10-080 × NCS 10-147 cross after demultiplexing, trimming and filtering 
the reads, for the forward (A) and backward (B) bands. Occurrence of outliers is indicated in 
red dots. 
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Figure 3.3. Proportion of SNPs called for to 2x dosage after filtering for 6 depth, including 
(A) or excluding (B) markers with segregation distortion.  
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Figure 3.4. Proportion of SNPs called for to 4x dosage after filtering for 25 depth, including 
(A) or excluding (B) markers with segregation distortion.  
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Figure 3.5.  Logarithm of p-value (LOP) profiles from GWAS using 4x markers of 
anthracnose crown rot (ACR) in the biparental population NCS 10-080 × NCS 10-147. Gray 
dashed line is the false discovery rate threshold and the red line is the Bonferroni threshold. 
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Figure 3.6.  Logarithm of p-value (LOP) profiles from GWAS using 4x markers of 
anthracnose fruit rot (AFR) in the biparental population NCS 10-080 × NCS 10-147. Gray 
dashed line is the false discovery rate threshold and the red line is the Bonferroni threshold. 



   

95 
 

 
Figure 3.7.  Logarithm of p-value (LOP) profiles from GWAS using 4x markers of 
hemibiotrophic infection (HBI) for Colletotrichum gloeosporioides in the biparental 
population NCS 10-080 × NCS 10-147. Gray dashed line is the false discovery rate threshold 
and the red line is the Bonferroni threshold. 
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Figure 3.8.  Logarithm of p-value (LOP) profiles from GWAS using 4x markers of 
hemibiotrophic infection (HBI) for Colletotrichum acutatum in the biparental population 
NCS 10-080 × NCS 10-147. Gray dashed line is the false discovery rate threshold and the red 
line is the Bonferroni threshold.   
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CHAPTER 4: Validation of a Set of Six Single Sequence Repeat Markers in Octoploid 

Strawberry (Fragaria ×ananassa)  

 
Abstract 

 
The allo-octoploid strawberry, Fragaria ×ananassa, has a complex history with 

ample genetic diversity that contributed to the development of the crop. The selection of new 

of strawberry cultivars and germplasm has been limited in the past to the use of phenotypic 

data.  This study describes the use of a set of single sequence repeat (SSR) markers that can 

be used for identification of germplasm accessions and cultivars. Two groups of plants were 

selected to validate a set of six SSR markers in multiplexed platform, one from the cultivars 

conserved at the US Department of Agriculture Agricultural Research Service National 

Germplasm Clonal Repository, Corvallis, OR, and a second group of selections and cultivars 

from the NC State University core collection, for a total of 186 accessions. Two of the SSR 

primer pairs generated allelic peaks in a lower size range and in narrower ranges than 

previously reported, two has the same range and two had a range longer to the reported one. 

Total number of alleles observed was 52, with a minimum number of 6 alleles and a 

maximum of 11 in the total germplasm analyzed, and a minimum of 1 and a maximum of 8 

alleles per accession, and average of 3.15 alleles per marker per accession. This set of 6 SSR 

markers allowed the separate identification of 184 accessions. However, it failed to 

discriminate between 2 accessions from NCSU germplasm. This suggests that additional 

SSRs may be needed or more likely that the accessions may be the same genotype that was 

mislabeled. The NCSU germplasm contained all the alleles identified in the study, including 

3 rare alleles form the 6 discovered. The results suggest that the set of SSR markers 
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evaluated in this study can be used for individual accessions recognition based on the allelic 

patterns. 

  

Introduction 

 
The allo-octoploid strawberry (Fragaria ×ananassa Duchesne ex Rozier) is the most 

widely planted small fruit worldwide.  In 2017, strawberries were produced on 395 thousand 

hectares, and their production was distributed across many temperate, subtropical and 

highland agroclimatic production regions (FAOSTAT, 2019). The adaptation of strawberry 

to these diverse environmental conditions, and the fact that the fruit is desired for many 

characteristics by local, regional, national and international markets, requires that the 

cultivars developed by breeding programs have a wide range of phenotypic adaptations to 

ensure yield and fruit quality (Mathey et al., 2013). For example, in the United States there is 

market diversification through local fruit production in many states, consumers are buying 

from local farmers markets, organic production continues to soar and pick-u-own operations 

are expected to drive the future demand of cultivars with local adaptation beyond the known 

standard California and Florida cultivars (Samtani et al., 2019). To supply cultivars adapted 

for this diversity of conditions with their respective local challenges, plant breeders require to 

characterize the available germplasm and determine its identity, clonal fidelity, pedigree 

relationships, and genetic diversity and structure in order to proceed with further evaluation 

to speed up the breeding pace with marker assisted breeding and genomic tools (Laurentin, 

2009; Peace, 2017; Whitaker, 2011).  

The cultivated strawberry originated from the cross of the octoploids F. chiloensis 

from South America and the North American F. virginiana, but the cultivated species has 
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undergone a strong selection process that has modified the genetic and genomic composition 

for some regions in favor of positive allelic effects in agronomic and fruit traits (Edger et al., 

2019; van Dijk et al., 2014). The analysis of a set of 92 cultivars released at different times in 

recent decades were analyzed with a set of single sequence repeats (SSR) markers indicated 

there was a slight increase in similarity between more recent cultivars, probably because of 

the intense selection pressure due to breeding (Gil-Ariza et al., 2009). Maintaining the 

genetic diversity of the germplasm is important for the development of new cultivars with 

greater climatic resilience and adaptation to new challenges and industry requirements. With 

that purpose, the use of phenotypic data is limited to environmentally stable traits, many used 

for taxonomic purposes and not useful for description of cultivars and germplasm accessions 

under variable conditions (Gilbert et al., 1999). To overcome these limitations, the use of 

molecular markers, with SSR or microsatellite markers can be used for genetic 

characterization (Dufresne et al., 2014; Merrit et al., 2015).  

Previous studies have used SSR markers in strawberry for different objectives, 

including genetic characterization and evaluation, including diploid and polyploid species 

(Bassil et al., 2006; Chambers et al., 2013).  Genetic characterization using SSR markers has 

been used for taxonomic studies to determine the species and subspecies relationships 

(Hadonou et al., 2004; Hokanson et al., 2006), cultivar and germplasm identification (Basil et 

al., 2006), cultivar authenticity and trueness-to-type (Brunings et al., 2010; Govan et al., 

2008), breeders rights protection (Honjo et al., 2011) and genetic relationship and diversity 

between cultivars and breeding programs germplasm (Biswas et al., 2019; Chambers et al., 

2013; Gil-Ariza et al., 2009; Lim et al., 2017; Wada et al., 2017). These objectives are of 

primary concern for all strawberry breeding programs to maintain the genetic diversity in the 
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germplasm to continue improving selection and generation of new cultivars, avoid inbreeding 

depression, protect breeder’s rights and farmers’ production. In the present work our 

objective was to validate the usefulness of the set of six SSR markers for genetic 

characterization of germplasm from the USDA-ARS National Clonal Germplasm Repository 

and the North Carolina State University (NCSU) strawberry breeding program. 

 
 
Material and Methods 

 
Germplasm and DNA extraction. A set of 4 cultivars and 128 breeding accessions 

from the NCSU strawberry breeding program representing the core breeding collection and 

54 cultivars maintained by the United States Department of Agriculture, Agricultural 

Research Service (USDA-ARS) National Clonal Germplasm Repository (NCGR, Corvallis, 

OR) were used for this study. A complete list of the plant material is provided in the 

Appendix F. Deoxyribonucleic acid (DNA) was extracted from young unexpanded leaves 

collected from mature plants. Samples from NCGR were extracted at their laboratory; young 

leaf tissue weighting 30-50 mg were frozen in liquid nitrogen before grinding with steel 

beads in a MM 301 mixer mill (Retsch; Haan, Germany). The DNA was extracted with a 

modified protocol [Puregene; Qiagen, Hilden, Germany (Gilmore et al., 2011)]. For the 

NCSU samples, 45-50 mg of fresh tissue were weighed and ground with steel beads in a 

1600 MiniG tissue grinder (SPEXSample Prep, Metuchen, NJ), and the DNA was extracted 

with a filter based extraction kit, E-Z 96 Plant DNA, according to the manufacturer’s 

instructions for centrifuge procedure (Omega Bio-Tek; Norcross, GA, USA). The DNA 

concentration was quantified with the Synergy HTX Multi-Mode microplate reader (BioTek; 

Winooski, VT, US) and then diluted to 3.0 ng·µL-1 with molecular grade water. 
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SSRs and PCR conditions. The primers used were developed previously by the 

USDA-ARS NCGR and were previously reported in the literature (Table 4.1). Pairs of 

markers with different amplicon base pair range were selected to have the same ABI 

fluorescent dye (HEX, FAM or PET) to multiplex the six markers in a single PCR reaction. 

A multiplex primer mix of the six markers, with equal concentration of forward and 

backward primers, were prepared with the following concentrations: FG1a/b 0.185 µM, 

FG7a/b 0.185 µM, FG7c/d 0.5 µM, FVES0297_390 2.0 µM, UFFa3-D11a/b 0.156 µM and 

UFFxa12H10_442 1.25 µM. The master mix of was prepared with 1.7 µL of multiplex 

primer mix, 9.8 µL of 2X Type-itTM Multiplex PCR Master Mix (Qiagen; Hilden, Germany) 

and 1.5 µL of molecular grade H20. To prepare the reaction mix, 11.5 µL of the master mix 

was mixed with 3.5 µL of DNA sample. The polymerase chain reaction (PCR) was 

conducted in a C1000 Touch thermal cycler (BioRad; Hercules, CA, USA) with a program 

starting with a denaturation temperature of 95 °C for 5 min., followed by one cycle at 65 °C 

for 90 s, then 30 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 90 s and 

extension at 72 °C for 30 s, to finish with 30 min. of final extension at 60 °C.  

Genotyping and data analysis. An aliquot of 0.5 µL of each sample’s PCR products 

labeled with the ABI dyes were mixed with 10 µL of Hi-Di formamide and 7.0 nL of 

MRL500 DNA size standard, then processed by the Applied Biosystems 3730 DNA capillary 

analyzer at the NCSU Genomic Science Lab. The alleles were visualized graphically with the 

software GeneMarker 2.6.7 and scored manually to create the six markers profiles for each 

sample. Summary statistics were calculated for each marker.  
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Results  

 
Alleles observed in the germplasm studied. The set of six SSR markers was used to 

genotype 186 octoploid strawberry samples from the NCSU and USDA-ARS NCGR 

collections. Every marker produced at least one allelic peak per sample (Appendix F). The 

number of alleles observed per marker was between 6 and 11 (Table 4.2), with the minimum 

number of 6 for FFxa12H10_442, and maximum of 11 for FG7a/b, for a total of 52 alleles 

detected. A maximum of 8 alleles were observed in a single sample for the marker 

FVES0297_390, and an average of 3.15 alleles were detected per sample. In a few cases (e.g. 

Darrow with alleles 174 in FG7a/b and 120 in FG1a/b, NCS 10-132 with 419 in 

UFFxa12H10 and Beaver Sweet with 306 in FG7c/d), rare alleles were observed for one of 

the SSR markers in one of the samples analyzed. The range of base pairs for each originally 

reported for the allelic peaks shifted to the smaller peak size side for 4 of the markers, except 

for FG1a/b and FVES0297_390 (Table 4.2). The markers FG1a/b and FVES0297_390 had a 

shorter range than the previously reported, the markers FG7a/b and FG7c/d/ have the same 

amplitude of bp in their allelic range, and UFFxa12H10_442 and UFFa3-D11a/b markers had 

a ampler range of allele sizes than the reported one. Due to the difference of peak sizes 

observed for the pair of markers labelled with the same fluorescent dye, all the samples were 

run with the single multiplexed reaction of six primers pairs.  

 

Testing of germplasm for potential duplications and potentially mislabeled accessions: 

The USDA-ARS NCGR’s germplasm. In general, the evaluated USDA-ARS NCGR 

cultivars had between 13 and 24 alleles per sample, and included 3 rare alleles. The NCGR 

core collection has more than one accession of several cultivars. We tested the set of SSR 
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markers on 5 cultivars that were suspected to be off-type, mislabeled or from different 

nursery sources. The results showed that the allelic patterns were not always consistent, 

indicating possible mislabeling, or that there were off-types of these accessions. For the two 

‘Sweet Charlie’ accessions tested, one extra allele was observed in one of the samples (list 

the extra allele). The duplicate samples of ‘Allstar,’ ‘Blakemore’ and ‘Senga Sengana’ had 

different alleles observed between both samples were 7, 7 and 10, respectively, even though 

they were identified with the same accession number. The banding pattern for the two 

‘Tioga’ accessions were identical. The rest of the NCGR collection were all unique and there 

were no repeat pattern of alleles for this cultivar set using the six SSR fingerprinting markers. 

The NCSU breeding program’s germplasm.   The analysis of the NCSU strawberry 

germplasm with the 6 SSR markers set found that the number of alleles per sample ranged 

from 12 to 26, and included almost all the possible alleles observed in the study, with the 

exception of 3 rare alleles (Appendix F). This germplasm collection doesn’t contain repeated 

accessions or clones for each genotype, but contains several families of full siblings. Each 

tested accession was identified as a different one based on the allelic patterns observed, 

including those identified as full-siblings (11 from the NCK 12-194 cross, 3 from NCK 12-

199, and 5 6 pairs from other crosses NCK 12-181, NCK 12-182, NCK 12-186, NCK 12-188 

and NCK 12-197). The only exception were the accessions NCS 10-030 and NCS 10-080, 

that have the same allelic pattern.  

 

Discussion 

 
The use of the set of six SSR markers produced detectable peaks for each marker for 

every sample, including selections in the NCSU collection and cultivars from the USA and 
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international breeding programs. The multiplexing conditions tested were robust enough to 

produce clear and distinguishable peaks, as previous publication suggest for some of primers 

used for this study (Bassil et al., 2006; Chambers et al., 2013), with the main difference 

consisting of shorter fragment sizes reporter here. The number of alleles found for this set is 

smaller than in other studies of microsatellite primers in strawberry (Bassil et al., 2006; 

Chambers et al., 2013; Gil-Ariza et al., 2009; Hokanson et al., 2006; Lim et al., 2017), but it 

allowed the differentiation of most genotypes characterized, except for the pair NCS 10-030 

and NCS 10-080. These selections had the same detectable signature, what is not completely 

uncommon in SSR studies in strawberry (Chambers et al., 2013). It is also possible that these 

are the same genotype and were mislabeled at some point in the breeding program.   

 

We found discrepancies in some of the duplicated accessions tested, and included the 

different peaks observed for the same accessions of ‘Allstar,’ ‘Blakemore’ and ‘Senga 

Sengana’. The potential errors along the way that caused these disagreements include: 

misclassification of the accessions in the Repository, contamination of the DNA during the 

extraction or posterior to it and manipulation error in the PCR preparation or the genotyping. 

The present conclusion is that these samples require a repetition of the genotyping, with 

replications, using newly extracted DNA to discard some of the potential sources of the 

discrepancies.  

The NCSU breeding collection encompass multiple germplasm sources in the 

pedigree of the selections, then sharing multiple alleles with the broad germplasm 

represented by the NCGR material, then making more difficult to try to establish specific 

relationships of selections to breeding groups or germplasm sources. Nonetheless, the results 
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allowed for the separation of almost all the samples tested. However, in the case of 

identification of NCS 10-030 and NCS 10-080 as the same, further morphological and 

molecular analysis is required to identify the reason for this coincidence in allelic patterns. 

Polyploids have the tendency to bias results due to lack of dosage estimation and the 

occurrence of null alleles and homoplasy, whereby specific genetic analysis and statistical 

tools had been developed for polyploids (Dufresne et al., 2014; Meirmans et al., 2018). Such 

draw backs must be accounted for the interpretation of the SSR analysis in the octoploid 

strawberry. For the set of SSR fingerprinting markers analyzed in this study further 

investigation is needed to include more markers and other germplasm to expand the list of 

discovered alleles and have enough data to perform diversity and phylogenetic analysis. 

In conclusion, the robustness of a multiplexed primer set allowed an economic and 

reliable way to perform genotyping of strawberry germplasm with the purpose of molecular 

characterization for accession recognition and cultivar identification, clonal fidelity and 

discarding of repeated or wrongly identified material (Peace, 2017; Whitaker, 2011). 

Strawberry breeding programs should incorporate the use of genetic characterization markers 

to avoid the potential reduction of genetic diversity in the breeding lines and to aid in the use 

of developing crosses.  
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Table 4.1. SSR markers set’s primers and dyes tested on cultivars and breeding lines of octoploid strawberry (F. ×ananassa). 
 

Marker name 5’ ABI 
dye 

Forward primer Reverse primer Repeat 
bp 

Publication 

FG7a/b 
 

HEX GCAGTGCTACATCGACTCAGGTCCAA GTTTACCAAGGAAGTGCCGAAGTGGGTTT 8 Chambers et al., 
2013 

UFFxa12H10_442 
 

HEX ATGGACAGCCAAAGAAACTGAG TCAGTCTTGCCAGTTTTCTCAA 3 Bassil et al., 2006 

FG7c/d 
 

FAM AGGTGTCCAAAGAGGGTTGCTGTAGA GTTTCCCTCTCCCAATAACCCTTTGCTTC 6 Chambers et al., 
2013 

FVES0297_390 
 

FAM GGTAATTTGGTGATTGGAGTGG TTGCGCTAACTCCATATTTTCC 3 Not published 

FG1a/b 
 

PET TGGTTTGCCGGTAGCAAATAGCAGCA GTTTGACACACACTCTCTCTGTCTGATCCCT 4 Chambers et al., 
2013 

UFFa3-D11a/b PET GCCTTGATGTCTCGTTGAGTAG GTTTACCTTCTGCATTCACCATGAC 3 Bassil et al., 2006 
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Table 4.2. Alleles observed for the SSR markers set tested on cultivars and breeding lines of 
octoploid strawberry (F. ×ananassa). 

Note: 1) depending of the equipment. 
  

 SSR Marker  
 FG1a/b FG7a/b FG7c/d FVES0297_390 UFFxa12H10_442 UFFa3-D11a/b 

Reported 
range bp1 

87–138 163–197 239–324 374-420 442-472 
178-215 

(193–233) 
 

Observed 
range bp 

93-128 150-184 228-312 374-399 419-456 182-222 

No. Alleles 8 8 11 9 6 10 
Min. 
number 

1 1 1 1 1 1 

Max. 
number 

4 3 5 8 4 7  

Average 
alleles 

1.7 1.55 3.57 5.24 1.96 4.86 

Rare alleles 1 1 2 0 1 1 

Allele list 93 150 228 374 419 182 
 97 152 240 379 434 196 

 101 154 249 382 444 199 

 105 167 258 384 447 202 

 108 169 270 388 450 205 

 112 174 282 392 456 208 

 116 176 288 395  214 

 128 184 294 397  216 

   300 399  219 

   306   222 

   312    
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Appendix A  
 
 
Figure Prepared for Extention Activities 

 
Figure S1. Depiction of strawberry anthracnose diseases, anthracnose fruit rot (AFR), crown 
rot (ACR) and hemibiotrophic infection (HBI) epidemiology used for extension activities.  
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Appendix B  
 
 
NCSU Strawberry Germplasm Evaluated for ACR and AFR Resistance  
 
 
Table S.1. Marginal means estimation1 for the AUDPS values obtained from linear model of 
ACR and AFR on the NCSU strawberry germplasm, Castle Hayne, NC, spring 2018. Bold 

numbers indicate the 10% highest level of resistance in the selections evaluated. 

ID ACR AFR  ID ACR AFR 
NCS 10-147 105.9   NCK 12-198 71.8 233.3 
NCH 09-068 20.1 434.7  NCK 12-199A 97.4 291.6 
NCH 10-041 107.1 1046.6  NCK 12-199D 29.8 810.3 
NCH 11-304 67.6 316.6  NCK 12-199E 57.6 683.1 
NCH 11-309 0.0 1211.2  NCK 12-202 85.8 754.5 
NCH 11-319 62.5 405.4  NCK 12-203A 90.4 1251.5 
NCK 12-181A 17.5 204.2  NCK 12-204  898.3 
NCK 12-181B 72.3   NCL 11-148  487.3 
NCK 12-182C 69.1   NCL 11-174 91.0  
NCK 12-184 38.8 569.5  NCL 11-185 96.3 918.8 
NCK 12-185B 44.1 790.8  NCL 11-205 99.8 1168.1 
NCK 12-186C 149.1 1108.3  NCL 11-208 110.7 1016.5 
NCK 12-186D 115.5 212.9  NCS 10-047 44.3 558.4 
NCK 12-187A 53.9 842.8  NCS 10-063 56.0 1230.3 
NCK 12-188A 142.6 1547.7  NCS 10-080 125.3 315.0 
NCK 12-188B 45.7 896.5  NCS 10-109 115.5  
NCK 12-190A 93.1 1274.1  NCS 10-123 112.0 1167.4 
NCK 12-191B 0.0 1166.7  NCS 10-132 82.3 1592.7 
NCK 12-192 89.6 972.8  NCS 10-136 154.0 350.1 
NCK 12-193A 85.8 894.4  NCST 10-33  1319.6 
NCK 12-193B 127.0 1633.3  NCS 10-156 37.5 862.3 
NCK 12-194C 70.3 218.2  NCS 10-156B 115.2 942.9 
NCK 12-194E 96.6 408.0  NCS 11-002 31.5 700.0 
NCK 12-194H 28.0 356.8  NCS 11-036 108.9 180.0 
NCK 12-194H 45.0 1030.9  NCS 11-039 126.0 1186.1 
NCK 12-194L 23.3 208.4  NCS 11-040 51.6 1725.7 
NCK 12-194M 39.3 663.6  NCS 11-056 99.8 1144.2 
NCK 12-194N 115.5 548.3  NCS 11-057 115.6 1325.5 
NCK 12-194O 67.6 514.6  NCS 11-075  1435.0 
NCK 12-194Q 99.2 325.0  NCS 11-101 147.4 1016.6 
NCK 12-194S 9.8 364.6  NCS 11-107 102.7 863.1 
NCK 12-194T 90.1 1268.8  NCS 11-113 104.1 656.6 
NCK 12-194U 80.5 58.3  NCS 11-117 138.4 572.3 
NCK 12-194V 19.3 405.9  NCS 11-123 59.5 1007.0 
NCK 12-195 119.6 875.0  NCS T10-05 92.6 1075.0 
NCK 12-197A  925.0  NCST 10-33  715.9 
NCK 12-197B 73.5 787.5  NCST 10-49 50.0 910.2 

Note: 1) Marginal means estimation based on the linear mixed model analysis with R/lme4. 
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Appendix C  
 
 
Fieldbook App Operation 

 
FieldBook is an open source user-friendly Android app to collect phenotypic data from field 
experiments and other research setups. Although the app is very powerful, the initial process 
to use the app is not always easy. These instructions don’t pretend replace the original 
manual, but it is intended to clarify the processes of uploading field data, trait management 
and downloading data. 
 
Citation: 
Rife, T.W. and J.A. Poland. 2014. Field Book: An Open-Source Application for Field Data 

Collection on Android. Crop Sci. 54:1624-1627. 
 
Developers’ Manual: 
https://github.com/PhenoApps/Field-Book/blob/master/manual/field_book_manual.docx 
 
Useful information could be found in: 
http://solgenomics.github.io/sgn/03_managing_breeding_data/03_09.html#uploading-pheno-
files 
 
 
Installation: 
 
Direct download from Google Play Store to any Android tablet or smartphone. The app has 
several language options for installing. 
 
 
Importing fields: 
 
First, the basic information of the planting must be arranged in a spreadsheet, with the fist 
column being the unique identifier (Figure S1). If the name of the cultivar or experimental 
plant material is repeated several times, the best unique identifier is the plot number. The 2nd 
and 3rd columns add important plot descriptors including treatment or other important 
information. More than 3 columns can be added, although only 3 are listed in Figure S1. 
 
Note: 
Even if it looks like it doesn’t matter what column is used for unique identifier, sometimes 
the app didn’t load the information if the 1st column contains repeated values. You can use 
the next sequence of commands in Excel to check for repeated codes in the first column: 

1. Mark the column to inspect,  
2. In Home tab, choose Conditional Formatting,  
3. Then /Highlight Cells Rules,  
4. Select /Duplicate Values. Duplicated values will show up in red. 
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Save the field information as csv (comma separated values) or xls format (not xlsx).  
 

 
 

Figure S2. Example of field data in spreadsheet for uploading to Field Book app. 

 
There are 2 options for importing field data to the devise, one from the “cloud” and another 
directly using a computer connection.  
 
Using computer cable connection:  
Open the internal storage of the tablet or smartphone and transfer the file to the folder 
/Internal storage/fieldBook/field_import. 
 
From the cloud: 
It could be done from any cloud storage platform such as Google Drive.  

1. Import field file to Google Drive. 
2. Open Drive in the tablet or smartphone and download the file by getting into the 

folder you stored it, and hold your finger on the file’s name for 3 seconds. 
3. Go to My Files/Downloads, select the file by holding your finger on the name 2 

seconds. 
4. Open the Menu (3 dots in upper-right corner), hit Move, select Internal Storage/ 

fieldBook/field_imports. 
 

Import the field information into the FieldBook app: 
1. Go to Main Menu (upper left) and hit Settings. 
2. Go to Fields and hit the + sign in the upper right corner. 
3. If use the + sing in the lower right corner, choose /Local and the name of the file to 

use. 
4. Select the ordering info from the column names, choosing the unique identifier 

properly.  
5. Mark the field to work with at the right side. 
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Note: 
If the app reports “duplicates”, recheck the spreadsheet and save it a second time. Be sure to 
delete any row or column you don’t need to avoid problems. 

 
 

Adding/deleting, editing and exporting Traits: 
 
Traits can be added, erased, edited and exported to save a list and attributes of traits for using 
in other devises of save as back-up (Figure S2). To create traits: 

1. In FieldBook go to /Settings/Traits. 
2. To create a new trait, press the + sign in the lower right corner. 
3. Select the format from the display menu. 

The app includes many useful formats and we encourage the users to explore them. 
For categorical, the categories must be named in the last space and separated by /.  

4. A picture is an option as a trait. It is recommended to use this option instead of the 
device’s camera app, as the file is saved with the unique identifier, a photo tag and 
date information, allowing fast identification of the picture subject. The photo tag is 
set when the trait is created, allowing multiple photo traits with different tags. The 
photos are stored in the folder /Internal storage/fieldBook/plot_data 
/field_name/photos/. Recording audios is a similar option. 
 

 
 

Figure S3. FieldBook traits menu. 
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5. Select / unselect the traits to use from the created list toggling the respective square. 
6. The traits can be copied, deleted or edited pressing the 3 vertical dots beside the 

respective square. Don’t use the upper border trash can if you are not sure about 
eliminating all the traits, what is needed only if you are changing completely the 
traits’ list. Export your list for future uses. 

7. To export the list of traits, hit the 3 vertical dots symbol in the upper-right corner and 
select Export. 

8. Export generates a *.trt file saved in the /Internal storage/fieldBook/traits folder and 
export it to the “cloud” to share it to another device. Is good idea to export the traits 
once created as they could be lost completely of they are erased. 

9. To import, find the traits databases saved in the /Internal storage/fieldBook/traits 
folder.  

10. To import a trait database from the “cloud” use the same procedure as for importing 
fields. 

Note: 
The order of the traits in the list is the order that is used during trait scoring process, create 
them in the desired order to do the evaluation. They cannot be moved around once they are in 
this list. 
 
 
Phenotypic evaluation with FieldBook app: 
 
Recording data is easy once the desired traits are 
selected. 

1. Use the green open arrows to navigate between 
traits for the same unique identified record, 
navigate between unique identifiers with the open 
black arrows or the black arrow in the green 
upper border (Fig. S3).  

2. Erase the scored information using the trash can 
in the lower green border. 

3. An option for scoring data is to use the Barcode 
Scanner. The values can be chosen from a 
previously prepared list of possible data values 
transformed to barcodes using the barcode 
symbol in brackets (upper green border). 

4. Specific options for scoring can be selected from 
/Setting/Advanced. 

 
Figure S4.  Screenshot of data  

scoring showing a multiple 
 option trait.  
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Export recorded data: 
 
The data for each field is recorded to the database of the app. To recover the scored data for a 
particular field, is necessary to use the Export option in Settings. The Export screen allows to 
export the data as csv format with 2 arrangements, database that includes each trait in vertical 
display with metadata of each scoring event, or table with horizontal display of each trait and 
the data per unique identifier in rows (Figure S4 A).  
After choosing format and other details, hit Ok and the exporting options are going to show 
(Figure S4 B). Use of Google Drive is a very easy option.  
After export, the data can also be retrieved from the folder /Internal 
storage/fieldBook/field_export. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5. Exporting the recorded phenotypic data to Google Drive. 
  

A B 
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Appendix D 
 
 
R Software Scripts for Data Management and Statistical Analysis 
 
 
######################################################################## 
## Script for the analysis of phytopathological data, including ACR, AFR and HBI,  
## flavonoids and anthocyanins:  
## This includes: 
##     Data reading, 
##     AUCPS, 
##     Summary statistics, 
##     Linear models, heritability and BLUP, 
##     Plotting histogram. 
######################################################################## 
 
## Packages: 
library(readxl) 
library(agricolae) 
library(tseries) 
library(lme4) 
library(car) 
library(dplyr) 
library(ggplot2) 
library(ggpubr) 
 
## Change in global options: 
options(stringsAsFactors=FALSE) 
 
## Load data: 
ARMP_data <- read.csv("~/data summary Simple.csv", header=TRUE) 
View(ARMP_data) 
 
## Data frame contians the columns: Plant_ID, Plot, Row, Rep and next columns for Days 
After Inoculation (DAI) evaluation data. 
 
## Rename data columns to DAI: 
names(ARMP_data)[5]<-"7" 
names(ARMP_ data)[6]<-"14" 
names(ARMP_data)[7]<-"21" 
names(ARMP_data)[8]<-"28" 
names(ARMP_data)[9]<-"35" 
names(ARMP_data)[10]<-"42" 
 
## AUDPS: 
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days <- names(ARMP_data)[5:10] 
daysn <- as.numeric(days) 
ARMP_AUDPS <- audps(ARMP_data[,5:10], daysn) 
ARMP_AUDPSr <- audps(ARMP_ data [,5:10], daysn, type = "relative") 
 
## Adding  output to dataframe: 
as.matrix(ARMP_AUDPS, byrowa=TRUE) 
as.matrix(ARMP_AUDPSr, byrowa=TRUE) 
ARMP_data$AUDPS <- ARMP_AUDPS 
ARMP_data$AUDPSr <- ARMP_AUDPSr 
summary(ARMP_data$AUDPS) 
sd(ARMP_data$AUDPS) 
 
## Save output: 
write.csv(ARMP_data, file = "ARMP_R results.csv", row.names=FALSE) 
 
#### Mixed Linear Models #### 
## Breeding lines core collection (AUDPS similarly computed as ARMP values): 
## CC_lm = lmer(AUDPS ~ Plant+ID + (1|Rep), data = CC_data, REML=TRUE) 
 
## Estimation of marginal means for fixed factors levels: 
em_CC_lm = emmeans(CC_lm, ~ Plant_ID) 
 
## Save output: 
write.csv(em_CC_lm, file = "mmeans.csv", row.names=FALSE) 
 
 
## Model for ARMP: 
head(ARMP_data) 
ARMP_lm <- lmer(AUDPS ~ Row + (1|Plant_ID) + (1|Rep), data=ARMP_data, 
REML=TRUE) 
summary(ARMP_lm) 
anova(ARMP_lm) # for covariables as row number, ANOVA can be performed. 
 
## Save output: 
write.csv(as.matrix(summary(ARMP_lm)), file = "ARMP_lm summary.csv",      
                     row.names=FALSE) 

library(emmeans) 

 
## BLUPs: 
ARMP_blup = ranef(ARMP_lm) 
## Save output: 
write.csv(ARMP_blup, file = "ARMP_data_BLUPs.csv", row.names=FALSE) 
 
## Variance Components and Genetic Parameters for clonal material: 
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ss_vc <- as.data.frame(VarCorr(ARMP_lm))[, c("grp", "vcov")] 
ss_vc 
vPlot  <- round(ss_vc[ss_vc$grp=="Rep" ,2], digits=3) 
vPlot 
vGen  <- round(ss_vc[ss_vc$grp=="Plant_ID" ,2], digits=3) 
vGen 
vPhen     = round(sum(ss_vc$vcov),digits = 3) 
vPhen 
vErr      = round(ss_vc[ss_vc$grp=="Residual",2],digits = 3) 
vErr 
H2p <- round(vGen/vPhen,digits = 3) # Broad sense Heritability, plot base. 
H2p 
H2e <- round(vGen/((vErr/2)+vGen), digits = 3) # Broad sense Heritability, entry base. 
H2e 
 
## Create means and SD, min and max summary statistics per Plant_ID. 
ARMP_summ <-as.data.frame(ARMP_data%>%group_by(Plant_ID) 

%>%summarise(AUDPS=mean(AUDPS,na.rm=TRUE), 
SDAUDPS=sd(AUDPS,na.rm=TRUE),AUDPSr=mean(AUDPSr, 
na.rm=TRUE))) 

View(ARMP_summ) 
## Save output: 
write.csv(ARMP_summ, file = "ARMP_results_summ.csv", row.names=FALSE) 
 
## Jarque Bera Normality test: 
jarque.bera.test(ARMP_summ$AUDPS) 
 
## Plotting histogram: 
## AUDPSr: 
g1 <- gghistogram(ARMP_summ, x = "AUDPSr", bins = 20, 

add = "mean", rug = TRUE, fill = "forestgreen", 
color = "forestgreen") 

g1 
## Save histogram: 
ggsave("ARMP_ACR_AUDPSr.png", width = 10, height = 10, units = "cm") 
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######################################################################## 
## Script for the ARMP multitrait correlations, including modification of code from Dr. ## 
Ivone De Oliverira (UF, Gainesville) to improve GGally correlations plot 
######################################################################## 
 
## Packages: 
library(readxl) 
library(ggplot2) 
library(GGally) 
library(ggpubr) 
 
## Loading data: 
ARMP_Corr <- read.csv("~/ARMP R result for correlation.csv", header=TRUE) 
View(ARMP_Corr) 
 
ARMP_Corr1<- na.omit(ARMP_Corr) # remove na. 
View(ARMP_Corr1) 
str(ARMP_Corr1) 
 
## Function to modify GGally output look: 
######################################################################## 
Made by Ivone de Bem Oliveira 
# E-mail: ivonedebem@gmail.com / idebem.oliveira@ufl.edu 
######################################################################## 
## Function: 
my_fn <- function(data, mapping, method="pearson",...){ # change method used for 
regression here 
p <- ggplot(data = data, mapping = mapping) + geom_point(shape=21,size=1, fill='blue',  

colour="grey30", alpha=0.6) +  # change color here 
geom_smooth(method=method, size=0.5, colour= "purple", ...)  # change color here 
p 
} 
 
## Correlation plot: 
tiff("ARMP_Correlations.tif", width = 15, height = 12, units = "cm", res=300) 
ggpairs(ARMP_Corr1, columns=2:7, lower = list(continuous = my_fn), 
diag=list(continuous="density"))+ 

theme(legend.position = "none",  
panel.grid.major = element_blank(), 
axis.ticks = element_blank(), 
strip.text = element_text(size = 14), 
panel.border = element_rect(colour = "black", fill = NA)) 

dev.off() 
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Appendix E  
 
 
Comparation of Resistant Genotypes 
 
 

Table S.2. List of genotypes of the biparental population NCS 10-080 × NCS 10-174 with 
the 20 most resistant and the 20 most susceptible scores. Genotypes in descending           

order of resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Notes: 1) ID, plant identification number; 2) scores for Colletotrichum acutatum hemibiotrophic           
infection; 3) scores for C. gloeosporioides hemibiotrophic infection. 

 ACR ID1 AFR ID1 HBI Cg2 ID1 HBI Ca3 ID1 
Resistant 20 18-041 18-245 18-202 18-147 

 18-079 18-102 18-038 18-328 
 18-071 18-289 18-208 18-329 
 18-028 18-186 18-036 18-290 
 18-251 18-109 18-210 18-022 
 18-121 18-101 18-081 18-222 
 18-006 18-121 18-314 18-285 
 18-259 18-319 18-026 18-297 
 18-163 18-039 18-242 18-336 
 18-218 18-278 18-290 18-178 
 18-099 18-073 18-079 18-071 
 18-318 18-002 18-082 18-020 
 18-343 18-174 18-158 18-158 
 18-074 18-251 18-166 18-341 
 18-267 18-275 18-316 18-171 
 18-109 18-343 18-132 18-002 
 18-157 18-267 18-220 18-284 
 18-024 18-146 18-084 18-291 
 18-030 18-028 18-263 18-151 
 18-147 18-329 18-278 18-008 
     

Susceptible 20 18-032 18-262 18-227 18-118 

 18-340 18-222 18-192 18-145 
 18-175 18-253 18-107 18-314 
 18-282 18-108 18-059 18-164 
 18-004 18-335 18-255 18-096 
 18-291 18-301 18-069 18-095 
 18-003 18-049 18-033 18-124 
 18-296 18-098 18-289 18-034 
 18-223 18-047 18-016 18-257 
 18-260 18-082 18-118 18-137 
 18-086 18-138 18-248 18-186 
 18-002 18-050 18-334 18-248 
 18-316 18-203 18-180 18-313 
 18-148 18-295 18-067 18-100 
 18-331 18-284 18-178 18-225 
 18-327 18-197 18-049 18-149 
 18-294 18-018 18-021 18-138 
 18-115 18-252 18-162 18-266 
 18-063 18-229 18-164 18-176 
 18-307 18-180 18-119 18-131 
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Figure S6. Comparison chart for the 20 most resistant genotypes for each trait and scores for 

other resistances: A) anthracnosis crown rot; B) anthracnosis fruit rot; C) hemibiotrophic 
infection (HBI) of Colletotrichum gloeosporioides; D) HBI C. acutatum.

A 

B 

C 

D 
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Appendix F  
 
 
Strawberry Single Sequence Repeat Markers List 
 
 

Table S.3. List of selection lines or cultivars analyzed with six multiplexed SSRs and the alleles observed for each genotype. 
 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

NC 17-001 Line NCSU 128 169 240/249/300 374/379/382/384/388/392/395 182/196/199/202/214/219 447/450 

NC 17-003 Line NCSU 105/128 152/169 240/249/300 374/379/382/384/388/392 196/199/202/214/219 434 

NC 17-005 Line NCSU 101/128 152/169 240/249/258/300 374/379/382/384/388/392/395 182/196/199/202/205/214/219 441 

NC 18-001 Line NCSU 105/128 152 240/249/258/276 374/382/384/392/395 196/199/219 441 

NC 18-002 Line NCSU 105/128 152 240/249/258/276 374/382/384/388/392/397 196/199/219 441 

NCH 09-068 Line NCSU 101/112 152 240/249/258 379/382/385/388/392/397 182/196/202/205/219 441 

NCH 10-041 Line NCSU 97 152/169 240/249/258/300 374/379/382/384/388/392/397 196/199/202/219/ 441/447/450 

NCH 11-304 Line NCSU 101/128 152/169 240/249/258/300 374/379/382/384/388/392/395/397 182/196/202/205/219 441 

NCH 11-309 Line NCSU 128 152 240/249/258/294 382/388/392/395/397/ 196/199/202/219/ 447/450/456 

NCH 11-319 Line NCSU 112/128 152/169 240/249/258/300 374/379/382/384/388/392 182/196/202/205/208 441 

NCK 12-181A Line NCSU 105/128 152 240/249/276 388/392/395/397 196/199/219 441 

NCK 12-181B Line NCSU 128 152/167 240/249 382/388/392/395/397 196/202/219 447/456 

NCK 12-182B Line NCSU 105/128 152 240/249/258 374/379/382/384/388/392/395 196/199/202/214/219 441/447/450/456 

NCK 12-182C Line NCSU 128 152 240/249/258 374/382/384/388/392/395 196/199/202/214/219 447/450/456 

NCK 12-184 Line NCSU 128 152 240/249/276/288 374/379/382/384/388/392/395 196/202/208/214/219 441/447/450/456 

NCK 12-186C Line NCSU 97/128 169 240/249/300 374/382/384/388/392 182/196/202/208/ 447/450 

NCK 12-186D Line NCSU 97/128 152 240/249/258 374/382/384/388/392/395 196/202/208 447/450 

NCK 12-187A Line NCSU 97/105 152 240/249/258/276 374/379/382/384/388/392/397 196/199/214/219/ 441 

NCK 12-190A Line NCSU 128/128 167/169 240/249/294/300 374/382/384/388/392 196/199/202/219/ 441/447 

NCK 12-191B Line NCSU 128 167 240/249/258 388/392/395/397 196/208/214/219/ 447/450 

NCK 12-193B Line NCSU 97 152/167 240/249/258/294 374/379/382/384/388/392/395 196/199/202/214/219 444/447/450 

NCK 12-194C Line NCSU 128 152 240/249/258/288 374/379/382/384/388/392/395 196/199/202/214/219 441 
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Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

NCK 12-194E Line NCSU 128 152 240/249/288 374/379/382/384/388/392 199/202/208/214/ 447/450/456 

NCK 12-194G Line NCSU 128 152/167 240/249/258/288 374/379/382/384/388/392/395/397 196/199/202/208/214 441/450 

NCK 12-194H Line NCSU 128 167 240/249/258 374/382/384/388/392 196/199/202/208/214/219 447/450/456 

NCK 12-194L Line NCSU 128 152/167 240/249/288 374/382/384/388/392 196/199/202/208/214/219 447/450/456 

NCK 12-194N Line NCSU 105/128 152 240/249/258/288 374/379/382/384/388/392/395 196/199/202/208/214/219 447/456 

NCK 12-194O Line NCSU 128 167 240/249/258 374/382/384/388/392 196/199/214/219/ 447/450/456 

NCK 12-194Q Line NCSU 128 152/167 240/249/258/288 374/379/382/384/388/392 196/202/214/219/ 447/456 

NCK 12-194S Line NCSU 128 152/167 240/249/258/288 374/382/384/388/392/395 196/199/202/208/214/219 447/450/456 

NCK 12-194T Line NCSU 128 167 240/249/258/288 374/379/382/384/388/392/395 196/199/202/214/ 447/450/456 

NCK 12-194V Line NCSU 128 167 240/249/258 374/382/384/388/392 196/199/214/219/ 447/456 

NCK 12-195 Line NCSU 97 152/169 240/249/276/300 374/379/382/384/388/392/395 196/199/208/219/ 441/447/450 

NCK 12-197A Line NCSU 105/128 152/169 240/249/294/300 374/379/382/384/388/392 182/196/199/202/219 441 

NCK 12-197B Line NCSU 97 152 240/249/276/300 388/392/395 196/199/202/219/ 441 

NCK 12-198 Line NCSU 128 152 240/249/258/288 374/379/382/384/388/392/395 182/196/199/202/208/214/219 441/450 

NCK 12-199A Line NCSU 105/128 152 240/249/258 388/392/395 182/196/202/208/219 441 

NCK 12-199D Line NCSU 105 152 240/249/258 388/392/395/397 182/196/202/219/ 441 

NCK 12-199E Line NCSU 105/128 152 240/249/258 392 182/196/202/208/219 441/447/450 

NCK 12-202 Line NCSU 105 152/169 240/249/258/300 374/379/382/384/388/392/395 182/196/202/208/219 441/444/447/450 

NCK 12-203A Line NCSU 105/128 152/167 240/249/258/294 374/379/382/384/388/392/395 182/196/199/202/219 441 

NCK 12-204 Line NCSU 97/105 152 240/249/258/294 374/379/382/384/388/392/395 182/196/202/208/219 441 

NCK 12-A Line NCSU 97/128 152/169 240/249/258/300 374/379/382/384/388/392 182/196/199/202/208/219 447/450/456 

NCK 12-B Line NCSU 97/128 152/169 240/249/258/300 374/382/384/388/392 182/196/199/202/208/219 441 
NCL 03-
05#2m3-29 Line NCSU 97/105 152 240/249 374/382/384/388/392/397/399 182/199/202/205/214/219 444/450 

NCL 04-017 Line NCSU 97/108 152 240/249/258/300 374/379/382/384/388/392/397 196/199/202/214/219 441/444/447/450 

NCL 05-115 Line NCSU 105 152/169 240/249/270/ 374/382/384/388/392/397 182/199/202/214/219 447/450 

NCL 06-040P Line NCSU 93/97 154/169 240/249/258/300 374/379/382/384/388/392/397/399 196/199/202/205/208 434/441 

NCL 07-006 Line NCSU 97/105 152 240/249/258 374/379/382/384/388/392 196/199/202/214/219 434/441/447 

NCL 07-007 Line NCSU 105/112 152 240/249/258 374/382/384/388/392 196/199/202/205/214 444 
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Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

NCL 07-009 Line NCSU 105 152/169 240/249/270 374/379/382/384/388/392/395/397 182/196/199/202/208/214/219 447/450 

NCL 07-011 Line NCSU 105/128 152/167 240/249/258/312 374/382/384/388/392 182/196/199/205/219 441 

NCL 07-016P Line NCSU 101/105 152 240/249/258 374/379/382/384/388/392/395/397 196/199/202/205/219 441/447/450 

NCL 07-023P Line NCSU 97/112 169 240/249/258 374/382/384/392/397 182/196/202/219 441/450 

NCL 07-029P Line NCSU 
97/105 

/112/128 
152/167

/169 240/249/258 374/382/384/388/392/395/397 182/196/199/202/208/219 434/441/447 

NCL 07-033P Line NCSU 97/112 152/167 240/249/258/294 388/392/397 182/196/202/208/214 444/447/450 

NCL 08-067 Line NCSU 97 152 240/249/258 374/379/382/384/388/392/397 196/214/219 444 

NCL 08-068 Line NCSU 108/128 152 240/249/258 374/382/384/392/397 196/214/219 444/447 

NCL 08-103 Line NCSU 105/112 152/169 240/249/258/270 374/382/384/392/397 182/199/202/214/219 444/447/450 

NCL 08-106 Line NCSU 97 152 240/249/258 374/382/384/388/392/397 196/199/202/214/219 441/447/450 

NCL 08-109 Line NCSU 116/128 152 240/249/258 388/392/397/399 182/199/202/214/219 444/450 

NCL 08-114 Line NCSU 105/108 152 240/249/258/300 374/379/382/384/392 196/199/202/214/219 441/444/450 

NCL 08-115 Line NCSU 112/128 152 240/249/258 374/379/382/384/388/392/397 196/202/208/214/219 441 

NCL 08-118 Line NCSU 105/128 152/167 240/249/258/294 374/379/382/384/388/392/395 196/199/202/219 441 

NCL 08-130 Line NCSU 97 152 240/249/258/300 379/382/388/392/397 182/196/202/214/219 441/447/450 

NCL 09-003 Line NCSU 105/112 152/167 240/249/258 374/379/382/384/388/392/397 196/199/202/214/219 441 

NCL 09-004 Line NCSU 105 150 240/249/258/276 388/392 196/199/208/214/219 441/444 

NCL 11-042 Line NCSU 93/116 152/154 240/249/258 374/382/384/388/392 182/196/199/202/205/214/216 441 

NCL 11-114 Line NCSU 105/128 152 240/249/258 395/399 196/199/202/214/219 441 

NCL 11-123 Line NCSU 105 152 240/249/258 388/392/395 182/196/199/202/219 434/441/447 

NCL 11-139 Line NCSU 105 152/167 240/249/258 374/382/384/388/392/397 182/199/202/205/214/219 444/447/450 

NCL 11-144 Line NCSU 128 169 240/249/300 374/382/384/388/392/395 196/199/202/208/219 441 

NCL 11-148 Line NCSU 105/128 152/167 240/249/258 374/382/384/388/392/395/397 196/199/202/208/214 450/456 

NCL 11-154 Line NCSU 105/128 152/169 240/249/258 374/382/384/388/392/397 196/199/202/219 444 

NCL 11-157 Line NCSU 101/128 152/167 240/249/258/300 374/382/384/388/392/395 182/196/199/202/205/219 434/441/447 

NCL 11-167 Line NCSU 97/128 152/169 240/249/276/300 374/382/384/388/392/397 182/196/199/202/208/219 441/447/450 

NCL 11-170 Line NCSU 97/128 152/169 240/249/258/300 374/382/384/388/392 182/196/199/202/208/219 441 

NCL 11-174 Line NCSU 105/128 152 240/249/258/288 388/392/395/397 196/199/202/214/219 441 



   

129 
 

Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

NCL 11-185 Line NCSU 97/128 152 240/249/258/288 388/392/397 182/196/199/202/219 434/441/447 

NCL 11-205 Line NCSU 105/128 152 240/249/258/276 374/379/382/384/388/392/395 196/199/202/219 441 

NCL 11-211 Line NCSU 128 152/167 240/249/258/288 382/388/392 182/196/202/208/219 444/447/450 

NCL 11-217 Line NCSU 105/128 152/167 240/249/258 374/382/384/388/392/ 196/199/202/214/219 441 

NCL 11-220 Line NCSU 
105/108 

/116 
169/176

/184 258 388/392/395 199 441 

NCL 11-231 Line NCSU 108/128 152 240/249/270/282 379/388/392/395// 196/199/202/214/219 434/444 

NCL 12-001 Line NCSU 
97/105/1

28 152 240/249/258 374/382/384/388/392/395/397 182/196/199/202/214/219 434/441/447 

NCL 12-004 Line NCSU 112/128 152 240/249/258/312 374/382/384/388/392 182/196/199/202/205/219 441 

NCL 12-011 Line NCSU 105 152/169 240/249/258/270 374/379/382/384/388/392/397 182/199/202/205/214/219 441 

NCL 12-013 Line NCSU 97/105 152/169 240/249/258/276 374/382/384/392 196/199/202/214/219 447 

NCL 12-116 Line NCSU 105 152 240/249/258 374/384/388/392 182/196/199/202/219 444/447/450 

NCL 12-136 Line NCSU 105/128 152/169 240/249/258/270 374/382/384/392/397 182/202/214/219 441 

NCL 12-143 Line NCSU 105/128 152/167 240/249/258 374/382/384/392/397 182/196/199/202/205/219 441 

NCL 12-174 Line NCSU 112 152 240/249/258 374/382/384/388/392 182/196/199/202/205/214/219 444/447 

NCL 12-175 Line NCSU 105/116 152/169 240/249/258/270 374/382/384/392/397 182/199/202/208/214/219 447/450 

NCS 10-004 Line NCSU 105 152/167 240/249/258/ 374/379/382/384/388/392/397/399 196/202/205/219 441/447// 

NCS 10-030 Line NCSU 97 169 240/249/258/300 374/382/384/388/392 196/199/202/214/219 441 

NCS 10-033 Line NCSU 97/105 152/169 240/249/258/300 374/382/384/388/392 196/199/202/214/219 441/447 

NCS 10-039 Line NCSU 97 152/169 240/249/258/300 374/382/384/388/392 196/199/202/205/208 441 

NCS 10-040 Line NCSU 105/128 152 240/249/258/276 374/379/382/384/392 182/196/202/208/219 434/441/447 

NCS 10-047 Line NCSU 97/128 152/167 240/249/276/294 374/382/384/388/392 196/199/214/219 444/447/450/456 

NCS 10-063 Line NCSU 97/128 152/167 240/249/258/294 374/382/384/392 182/196/199/202/219 441 

NCS 10-080 Line NCSU 97 169 240/249/258/300 374/382/384/388/392 196/199/202/214/219 441 

NCS 10-123 Line NCSU 97/105 152/169 240/249/258/300 374/382/384/388/392/397 182/196/199/202/219 434/441 

NCS 10-132 Line NCSU 128 152/169 240/249/258/300 374/382/384/388/392 196/199/202/219 419/441/450 

NCS 10-136 Line NCSU 105/128 152/169 240/249/258/300 374/379/382/384/388/392 196/199/202/219 441 

NCS 10-147 Line NCSU 105/128 152/167 240/249/258 374/382/384/392 196/199/219 447/456 
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Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

NCS 10-164 Line NCSU 112/128 152 240/249/258/276 374/379/384/388 196/202/208/219/ 441 

NCS 10-180 Line NCSU 105 152 240/249/258/288 388/392 182/196/202/214/219 447/450 

NCS 10-188 Line NCSU 105/128 152/167 240/249/258/288 374/379/382/384/388/392 182/196/202/214/219 434/447/450 

NCS 10-201 Line NCSU 97/128 152 240/249/258 374/382/384/388/392 196/199/202/214/219 441/447/450 

NCS 10-207 Line NCSU 97/128 152/169 240/249/258/300 374/382/384/388/392 196/199/202/214/219 441/447/450/456 

NCS 11-002 Line NCSU 105 152/167 240/249/258/300 374/382/384/388/392 196/199/202 434/441/447 

NCS 11-036 Line NCSU 105 152/169 240/249/258/276 374/382/384/388/392 196/199/208 444/447/450 

NCS 11-039 Line NCSU 105/128 152/167 240/249/258 374/382/384/388/392 196/199/202/214/219 444 

NCS 11-040 Line NCSU 105 152/169 240/249/258/276 374/382/384/388/392 182/196/199/202/214/219 441 

NCS 11-056 Line NCSU 105/112 152 240/249/258 388/392/397/399 196/202/219 441 

NCS 11-057 Line NCSU 105/128 152/169 240/249/276/300 374/382/384/388/392 196/199/202/214/219 441 

NCS 11-075 Line NCSU 97/105 152 240/249/258/300 374/382/384/388/392 196/199/202/219 441 

NCS 11-101 Line NCSU 128 152/167 240/249/258/300 374/382/384/388/392 196/199/208/219 441 

NCS 11-107 Line NCSU 97/128 152/169 240/249/258/300 374/379/382/384/388/392 196/199/202/219 441 

NCS 11-113 Line NCSU 105 152/167 240/249/258/300 374/382/384/392 196/199/202/219/219 441 

NCS 11-117 Line NCSU 105 152 240/249/258 374/382/384/392 196/199/202/214/219 441 

NCS 11-123 Line NCSU 105 152 240/249/258 388/392 182/196/199/202/219 434/441/447 

NCST 10-035 Line NCSU 97/105 152/169 240/249/258/300 374/382/384/388/392/397 182/196/199/202/208/219 441/447/450 

NCST 10-037 Line NCSU 97/128 152/169 240/249/258/300 374/382/384/388/392 182/196/199/202/219 441 

NCST 10-040 Line NCSU 97/105 167/169 240/249/258/276 374/382/384/388/392/395 196/199/214/219 447/450/456 

NCST 10-047 Line NCSU 116/128 167/169 240/249/288/300 374/379/382/384/388/392/395 182/196/199/202/205/219 447/450 

Albion Cultivar NCSU 105/128 167/169 240/249/258/300 374/382/384/388/392 196/199/202/214/219 441 

Liz Cultivar NCSU 128 152/169 240/249/258/300 374/382/384/392 182/196/199/202/214/219 441 

Rocco Cultivar NCSU 105/128 152/169 240/249/276/300 374/379/382/384/388/392 196/199/202/208/214/219 434 

Ruby June Cultivar NCSU 128 152/169 240/249/300/ 374/382/384/388/392 196/199/202/214/219 441/450 

Albritton Cultivar NCGR 105/128 152 240/249/258 374/382/384/388/392/397 182/196/202/205/208/214 444/447/450 

Allstar 1 Cultivar NCGR 
97/105 

/112/128 152 240/249/258 374/379/382/384/388/392/397 182/196/202/208/214/219 434/441 
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Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

Allstar 2 Cultivar NCGR 
112/116 

/128 152 240/249/258 374/379/382/384/388/392/397 182/196/202/208/214/219 447/450 

Apollo Cultivar NCGR 101 152 228/240/249/258 374/379/382/384/388/392 182/196/202/208/219 444 

Beaver Sweet Cultivar NCGR 108/112 169 240/249/294/306 388/392/397/399 182/196/199/205/214/219 441/444/450 

Benizuru Cultivar NCGR 97/112 152 240/249/258 388/392/397 196/208/214/219/ 441 

Bish Cultivar NCGR 105/128 152/167 240/249/288/294 388/392/395/397/399 182/196/202/205/208/219 441/444/450 

Blakemore 1 Cultivar NCGR 97 167/169 240/249/258 374/379/388/392/397 196/202/208 444/450 

Blakemore 2 Cultivar NCGR 97/105 167/169 240/249/294/312 374/379/382/388/392/397 182/196/202/208/ 444/447/450 

Blomidon Cultivar NCGR 97/128 152 240/249/258 392/397 182/196/199/202/208/214 444/447/450 

Camarosa Cultivar NCGR 97/128 152/169 240/249/276/300 374/382/384/388/392 196/199/202/219 441 

Carmine Cultivar NCGR 105/128 152 240/249/258 374/382/384/388/392 196/202/208/214/219 441 

Chandler Cultivar NCGR 105/128 152/167 240/249/258 374/382/384/388/392/395 196/199/202/214/219 447/450/456 

Charm Cultivar NCGR 97/128 152/169 240/249/276/300 374/382/384/388/392 196/199/219 441 

Darrow Cultivar NCGR 101/120 174 240/249/276/294 382/392 196/205/214 444 

Delmarvel Cultivar NCGR 105 152/167 240/249/258/294 374/382/384/388/392/397/399 182/196/199/202/205/208/219 441/450 

Douglas Cultivar NCGR 97/128 152 240/249/258/276 374/382/384/392 196/199/219 441 

Dover Cultivar NCGR 97/128 152 240/249/258/276 374/379/382/384/388/392 182/196/205/208/219 447/456 

Earlibelle Cultivar NCGR 128 152/167 240/249/294/312 374/379/382/384/388/392397 182/199/202/205/208/214 441/450 

Elsanta Cultivar NCGR 97/105 152/169 240/249 374/384/388/392/397 196/202/214 444/447 

Eros Cultivar NCGR 105/112 152/169 240/249/258/294 374/382/384/388/392/397 182/196/202/208/214/222 441/444/447/450 

Fairland Cultivar NCGR 105 152/169 240/249/258/294 374/382/384/392/397/399 182/196/202/208/219 444/447/450 

Firecracker Cultivar NCGR 97/105 152/169 240/249/258/300 374/379/382/384/388/392/397 182/202/208/214/219 441/444/450 

Flamenco Cultivar NCGR 105 152/169 240/249/258/294 374/379/382/384/388/392/395 182/196/199/202/214/219 441 

Gorella Cultivar NCGR 105 167/169 240/249/294 374/379/384/388/392/395 196/199/202/205/214/222 444/447/450 

Guelph S01 Cultivar NCGR 
108/116 

/128 169/184 240/249/258/270 374/382/384/388/392 182/196/199/208/ 456 

Holiday Cultivar NCGR 97 152 240/249/258 392/397 182/196/199/208/219 441 

Honeoye Cultivar NCGR 97/128 152/169 240/249/258/270 374/382/384/392/397 182/196/199/205/219 444/447/450 

Idil Cultivar NCGR 101/128 152 240/249/258/276 374/382/384/388/392/ 196/199/208/222/ 434 
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Table S.3. (Continued). 

ID Type Collected FG1_ab FG7_ab FG7c/d FVES0297_390 UFFa3-D11_ab UFFxa12H10_442 

Jewel Cultivar NCGR 97/105 167 240/249/270/294 388/392/397 196/199/208 441/444/447 

Kent Cultivar NCGR 105/128 152/169 240/249/258/294 374/382/384/388/392/397 196/199/208/214 441 

Klondike Cultivar NCGR 105/112 152/169 
228/240/249/288

/312 374/379/382/384/388/392/397 182/196/199/202/214/222 441 

Korona  Cultivar NCGR 105/108 167/169 240/249// 382/388/392/397 182/199/202/214/219 444/447/450 

Madame Moutot Cultivar NCGR 97/101 152/169 240/249/258/312 374/382/384/388/392 196/202/208/214/222 434 

Massey Cultivar NCGR 105 152/167/169 240/249/258/294 374/379/382/384/388/392/395 196/199/202/205/214/222 444/447/450 

Midland Cultivar NCGR 105/128 152/167 240/249/294 374/392 182/196/199/202/208/214 444/447/450 
ORUS 3727 x 
ORUSM 264 Cultivar NCGR 97/105 152/169 240/249/258/300 388/392/395 196/199/202/208/214/219 441/447 

Oso Grande Cultivar NCGR 97/128 169 240/249/300 374/382/384/388/392 196/199/202/219 441 

Pajaro Cultivar NCGR 105/128 152/169 240/249/258/300 374/379/382/384/388/392 196/199/202/214/219 441 

Parker Cultivar NCGR 97/128 152/169 240/249/258/300 374/382/384/388/392/ 196/199/202/214/219 441 

Pegasus Cultivar NCGR 105/108 152/167 240/249/270/294 374/382/392/397 196/199/202/208/214/222 444/447/450 

Pelican Cultivar NCGR 116/128 150/167 240/249/294 374/384/388/392/397/ 182/196/202/208/214/219 444/447/450 

Prelude Cultivar NCGR 105 167 240/249/294 374/382/384/392/397/399 182/202/205/208/214 444/447/450 

Puget Beauty Cultivar NCGR 105 152/169 240/249/258/300 392/397 182/196/199/202/208/214/222 444/447 

Rainier Cultivar NCGR 112/128 152 240/249/258 392/397 196/208/214/219/ 444/447 

Rosanne Cultivar NCGR 105/128 152/167 240/249/258/294 374/382/384/388/392/397 182/196/199/202/208/214 444/450 

Seascape Cultivar NCGR 105/128 152/169 240/249/258/300 374/382/384/392 196/199/202/219 441 

Senga Sengana 1 Cultivar NCGR 97/128 152 240/249/258 374/382/392 199/205/208/214 444 

Senga Sengana 2 Cultivar NCGR 108/128 152/167 228/240/249/258 388/392 199/202/208/214/219 447 

Sequoia Cultivar NCGR 105/128 152 240/249/258 374/382/384/388/392 182/196/205/208/219 441 

Stelemaster Cultivar NCGR 105/128 152 240/249/258 392/397 182/196/199/208/214 444/447/450 
Strawberry 
Festival Cultivar NCGR 97/128 152/169 240/249/258/300 374/379/382/384/388/392 196/199/219 441 

Surecrop Cultivar NCGR 105/112 152/167 240/249/258/294 374/379/382/384/392/397 182/196/199/202/208/214/219 441/447 

Sweet Bliss Cultivar NCGR 105 152 240/249/258 374/382/384/388/392/397 182/202/208/214/219 444/450 

Sweet Charlie 1 Cultivar NCGR 105 152 240/249/258/276 374/379/382/384/388/392 196/214/219 441 

Sweet Charlie 2 Cultivar NCGR 105 152 240/249/258/276 374/382/384/388/392 196/214/219 441 
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Table S.3. (Continued). 

Tioga 1 Cultivar NCGR 97/128 152 240/249/258 374/382/384/388/392 188/199/214/219 441/447/450 

Tioga 2 Cultivar NCGR 97/128 152 240/249/258 374/382/384/388/392 188/199/214/219 441/447/450 

Totem Cultivar NCGR 105/112 152 240/249/258 392/397 182/196/208/214/219 441 

 


