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Abstract 

 

The Papaya ringspot virus Type P (PRSV-P) is a major constraint on cultivation of papaya (Carica 

papaya L.) world wide. Trees infected with the virus become stunted, have low fruiting yield and 

the quality of fruit from infected trees is poor. Losses of up to 70% of expected yield have been 

reported in some infected areas. The virus has had a significant impact on papaya production in 

Australia, effectively derailing the papaya growing industry in SE Queensland since it was first 

reported in 1991. Naturally occurring resistance to PRSV-P has not been identified in any papaya 

cultivar to date. Development of resistant papaya is considered the best strategy for long-term virus 

control. Several species from the related genus Vasconcellea exhibit complete resistance to PRSV-

P, and present a valuable resource for developing new PRSV-P resistant papaya varieties. To date, 

the only other resistance strategy has been transgenic, and although this has been successful it does 

not meet all requirements of the different papaya growing regions. Consequently, characterisation 

and application of resistance genes identified in Vasconcellea is an important step toward 

developing new strategies for broad spectrum resistance to PRSV-P. 

In this study an interspecific hybrid population of Vasconcellea cundinamarcensis (PRSV-P 

resistant) and V. parviflora (susceptible) was used for genetic characterisation of PRSV-P 

resistance. This is the first cross reported for these two species and to our knowledge the only 

population to segregate for PRSV-P resistance donated from V. cundinamarcensis. This provided a 

rare opportunity to examine heredity of valuable traits identified in the parents, which included 

resistance to three important diseases of papaya. 246 F2 plants were manually exposed to PRSV-P. 

Analysis of segregation of the resistant phenotype and several morphological markers revealed 

normal Mendelian inheritance of all traits, implying relative stability of the hybrid genome. 

Importantly, segregation of PRSV-P resistance adhered to a 1:3 ratio, indicating single dominant 

gene regulation of this trait.  

Genetic mapping of the PRSV-P resistance gene was achieved by recombination analysis of 

the resistant phenotype and randomly amplified DNA fingerprint (RAF) markers in the F2 

generation. Discrete framework maps ranging in size from 630 – 745 cM were generated for both 

parents, accounting for up to 55 % of the total genome size. The PRSV-P resistance gene, prsv-1, 

mapped to linkage group 7 in V. cundinamarcensis within 4 cM of adjacent RAF markers. 

Segregation analysis of 242 RAF markers in the F2 revealed 32% of markers exhibited non-

Mendelian segregation, indicative of a moderate level of genetic instability in the hybrid genome. 

This result was consistent with decreased fertility and seed viability observed in the F1 and F2. 



   
 
 

 
 
 
 

Although several markers close to prsv-1 were identified by linkage mapping, it was 

desirous to develop additional markers more tightly linked to the resistance gene that could be used 

for reliable selection of resistant genotypes. Bulked segregant analysis using ca. 4200 RAF markers 

revealed 12 candidates that associated with PRSV-P resistance. Of these, 5 were found 

autonomously in the resistant bulk individuals. Genetic mapping of these markers in the F2 

population confirmed their linkage with prsv-1, four mapping within 9.7 cM of the resistance gene, 

and one (Opa11_5r) collocating with it. All 4 markers mapped closer to prsv-1 than those identified 

in the first mapping experiment. Sequence characterisation of the two most tightly linked 

candidates, Opk4_1r and Opa11_5r, revealed their homology to annotated proteins, a small nuclear 

ribonuclear protein and a serine/threonine protein kinase respectively. The latter class of protein has 

been associated with virus disease resistances, and as such is an appealing candidate for resistance 

gene isolation. Comparative analysis of the Opk4_1r sequence characterised amplified region 

(SCAR) in the parents of this cross permitted development of a codominant cleavage amplified 

polymorphic sequence (CAPS) marker that correctly diagnosed resistant genotypes 99% of the 

time, and mapped within 2 cM of prsv-1.  

Availability of this marker will enhance efficiency of artificial selection in breeding 

programs to introgress PRSV-P resistance into hybrids of V. cundinamarcensis by reducing the 

duration of breeding cycles and increasing the genetic gain per cycle. The main obstacle facing 

application of this CAPS marker in papaya is the omnipotent genetic barriers that have largely 

impeded hybridisation of papaya and V. cundinamarcensis to date. However, by utilising in vitro 

embryo rescue techniques, and applying sexually compatible species such as V. parviflora as 

intermediaries, we hope to bridge hybridisation with the less compatible species.  
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diverged from the chi-square critical value at P < 0.05.  
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Figure 2.3. Interspecific hybrid map. Total linkage group (LG) length is indicated at the 
bottom of each group in Kosambi cM.  
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Figure 2.4. V. cundinamarcensis linkage groups 7 a) and 9 b) displaying positions of 
phenotypic markers. Map distances are expressed in Kosambi centimorgans, as is the 
total group length. Groups are not scaled against each other. The extent of the pr1 QTL 
support interval along LG7 is indicated from 0 to 40 cM.  
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Figure 2.5. LOD score plot of QTL positions along V. cundinamarcensis chromosome 
7.  
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Figure 3.0 a). DNA sequencing chromatogram of Opa11_5r at 60oC and 70oC extension 
temperature 

 144 

   
Figure 3.0b. a) Opa11_5r and b) Opk4_1r SNP primer locations. SNP and indel DNA 
polymorphisms incorporated into the allele specific primers are in bold and underlined. 
The V. parviflora allele specific primer sets are coloured blue and the V. 
cundinamarcensis allele specific primer sets are coloured yellow. 

 149 

   
Figure 3.1. (page 152). RAF amplification products for primers OPA9, OPA8 and 
OPA7 from left to right. Candidate marker Opa8_1R is indicated (blue arrow).  

 154 

   
Figure 3.2. RAF amplification products for primer OPK4 in V. cundinamarcensis (P1), 
V. parviflora (P2) and 16 resistant (R) and 14 susceptible (S) bulk individuals. Marker 
Opk4_1r is indicated (blue arrow). A faint fragment in the V. parviflora profile co-
migrated with Opk4_1r in the hybrids (yellow arrow). 
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Figure 3.3. RAF amplification products for primer OPA11 in 18 resistant (R) and 14 
susceptible (S) bulk individuals. Parents not shown. Marker Opa11_5r (blue arrow) 
migrated independently. 

 156 

   
Figure 3.4. Resolved RAF products for primer OPK4 in a proportion of the F2 
interspecific progeny. Segregation of marker Opk4_1r is indicated (blue arrow). 
Segregation of the faint marker from V. parviflora which co migrated with Opk4_ is 
also observed (yellow arrow). Marker Opk4_1r is missing from profiles for F2 
individuals 1 (L15-12), 2 (L15-19), 3 (L15-21), 5 (L12-16), 14 (L12-29A), 25 (L12-36) 
and  27 (L12-28A), which all exhibited the susceptible phenotype.  
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Figure 3.5. (following page) RAF amplification products for primer OPA11 in 6 
Caricaceae species. The order of profiles is: 1. V. parviflora, 2. V. stipulata, 3. C. 
papaya, 4. V. cundinamarcensis, 5. V. goudotiana, 6. V. cauliflora, &. 7. V. quercifolia. 
Candidate marker Opa11_5r (blue arrow) was amplified in V. cundinamarcensis and V. 
cauliflora but not in the other 5 species. Candidate marker Opa11_6r was only amplified 
in V. cundinamarcensis (red arrow). 
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Figure 3.6. Linkage maps for V. cundinamarcensis linkage groups 7 a) and 9 b) with 
candidate PRSV-P resistance markers. Total cM length is indicated at the bottom of 
each group. 
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Figure 3.7. RAF profiles for primers OPA11 (left) and OPK4 (right) before (1) and 
after (2) excision of the candidate RAF markers Opk4_1r and Opa11_5r. Markers 
surrounding the excised bands could be labeled to confirm extraction of the correct band 
in each case.  
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Figure 3.8. PCR fragments amplified from the isolated RAF markers Opk4_1r (2-5), 
and Opa11-5r (6-7) against 1kb DNA size marker (1), resolved on 1.2% agarose in 1x 
TAE.  
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Figure 3.9. Amino acid alignment between marker and highest scoring BLASTx hit. 
The top sequence in a) Opa11_5r and b) Opk4_1r is the marker or ‘query’ and the 
bottom sequence is the  database hit or ‘subject’. Amino acid homology is indicated by 
shading. Amino acid alignment positions are indicated by numbers flanking each row. 
In the case of Opk4_1r alignment was identified in the 3’ – 5’ direction. 
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Figure 3.10. Opk4_1r SCAR products amplified from the pGEM-T plasmid with using 
SCAR primer set PBK41R F/R 

 164 

   
Figure 3.11. Amplification of Opa11_5r (a) and Opk4_1r (b) SCAR markers from 6 
Vasconcellea species and C. papaya.  V. cundinamarcensis ((a) 1-2, (b). 1), V. 
parviflora ((a). 5-6, (b). 3), V. stipulata ((a). 7-8, (b). 4), V. cauliflora ((a). 9-10, (b). 5), 
V. quercifolia ((a). 11-12, (b). 6), V. goudotiana ((a). 13-14, (b). 7) & C. papaya ((a). 3-
4, (b). 2).  
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Figure 3.12. a) HindIII digest  of V. cundinamarcensis (1), V. parviflora (2) and C. 
papaya (3) resolved on 0.7% agarose against 1kb DNA standard; b) result of southern 
hybridisation of p32 labeled Opk4_1r probe to the HindIII blot for V. cundinamarcensis 
(1), V. parviflora (2) and C. papaya (3). The probe hybridised to all three templates at 
9162 bp. A unique band appeared in  V. cundinamarcensis at 11,198 bp. 
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Figure 3.13. Alternative alleles for the Opk4_1r marker in V. cundinamarcensis and V. 
stipulata 

 167 

   
 169 Figure 3.14. Sequence homology, single nucleotide polymorphisms and insertion 

deletions (indels) are indicated by base pair (bp) shading, where black represents 100% 
homology, and white indicates one or more bp difference. The bp number in the contig 
is presented on the left hand side of each row. Both alleles for V. cundinamarcensis and 
V. stipulata are presenteda) DNA sequence alignment of Opk4_1r alleles for 6 
Vasconcellea spp. b) DNA sequence alignment of Opa11_5r alleles for 6 Vasconcellea 
species. and Carica papaya 

  

   
Figure 3.15. UPGMA trees constructed from genomic sequence data for a) Opk4_1r 
and b) Opa11_5r SCARs in 6 Vasconcellea species and C. papaya. Relative genetic 
distances are in percent nucleotide differences. 
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Figure 3.16.   a) Sequences: 1 = V. cundinamarcensis allele 1, 2 = V. cundinamarcensis 
allele 2 and 3 = V. parviflora. Psi I site TTA/TAA is absent in V. parviflora due to a 
SNP at 107 bp. b) Sequences: 1 = V. parviflora and 2 = V. cundinamarcensis. SnaB I 
TAC/GTA site is absent in V. cundinamarcensis due to a SNP at 142 bp.  
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Figure 3.17. a) PsiIk4 CAPS marker tested in V. cundinamarcensis (1), V. parviflora 
(2) and known resistant (lanes 3-8 in order: L12-12 (H), L11-14 (H), L8-06 (H), L6-05 
(B), L5-06 (H) & L2-02 (H)) and susceptible (lanes 9-12 in order: L15-07 (A), L17-05 
(A), L5-04 (A) & L17-27(A)) F2 interspecific progeny of these species. b) SnabIa11 
CAPS marker tested in V. cundinamarcensis (1-2), V. parviflora (3-4), resistant F2 
progeny (lanes 5, 6, 8, 10, 11 & 13 in order: L17-21A (H), L17-19A (H), L17-08 (B), 
L17-28 (B), L17-08A (H), L17-25* (A)), and susceptible F2 progeny (lanes 7, 9, 12 & 
14 in order: L17-35 (A), L17-33* (H), L17-24* (H) & L17-27* (H)). Letter codes H = 
heterozygote, B = homozygote for V. cundinamarcensis alleles (resistant) and A = 
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homozygote for V. parviflora alleles (susceptible). Individuals in which SnabIa11 did 
not predict the correct phenotype are marked with an asterisk (*). 
   
Figure 3.18. a) Genetic linage maps of V. cundinamarcensis chromosome 7 with 
PsiIk4, and b) its homologous chromosome (LG 10) in V. parviflora. Total cm length is 
indicated at the bottom of each group. 
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Figure 3.19. a) Genetic linage maps of V. cundinamarcensis chromosome 5 with 
SnabIa11, and b) its homologous chromosome (LG 3) in V. parviflora. Total cM length 
is indicated at the bottom of each group. 
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Figure 3.20. a) Results of Opk4_1r allele genotyping using SNP and indel sensitive 
primers. Top row displays results from PCR with V. parviflora allele specific primers. 
Bottom row displays results of PCR with V. cundinamarcensis allele specific primers. 
Susceptible F2 individuals (lanes 1-10 in order: L15-20 (A), L17-03 (A), L8-12 (A), 
L15-03 (A), L16-03 (A), L17-01A (A), L17-17A (A), L5-04 (A), L17-05 (A) , L15-07 
(A)). Resistant F2 individuals (lanes 11-19 in order: L2-02 (H), L5-06 (H), L12-2B (B),  
L12-30 (H), L15-25 (H), L16-07 (H), L17-29 (H), L17-34 (H), L13-03 (H)). Lane 20 V. 
parviflora (A) and lane 21 V. cundinamarcensis (B). b) Results of Opa11_5r allele 
genotyping using SNP and indel sensitive primers. Top row displays results from PCR 
with V. parviflora allele specific primers. Bottom row displays results of PCR with V. 
cundinamarcensis allele specific primers. Susceptible F2 individuals (lanes 1-9 in order: 
L17-5* (H), L17-03* (H), L15-20* (H), L15-07 (A), L17-01A* (H), L16-03* (H), L8-
12* (H), L15-03* (H) & L17-17A* (B). Resistant F2 individuals (lanes 10-20 in order: 
L2-02* (A), L16-07 (H), L17-34 (PCR failed), L12-02B* (A), L13-03 (B), L17-07A 
(H), L17-02A (B), L15-25 (H), L12-30 (H) & L5-06 (H). Individuals in which SnabIa11 
did not predict the correct phenotype are labelled *. Letter codes H = heterozygote, B = 
homozygote for V. cundinamarcensis alleles (resistant) and A = homozygote for V. 
parviflora alleles (susceptible). Individuals in which SnabIa11 did not predict the 
correct phenotype are labelled *.  
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Figure 3.21. a) Alignment of amino acid sequences translated from the Opk4_1r marker 
alleles for 6 Vasconcellea species. Shading corresponds to conservation between the 
sequences, and red * correspond to amino acids conserved between V. 
cundinamarcensis and the snRNP of Solanum tuberosum (potato) CAA90282.1. b) 
Alignment of amino acid sequence translations for the same alleles as in a) following 
removal of the 5’ UTR and intron sequences.    and      correspond to the predicted 
translation start and intron/ exon junctions.   
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Figure 3.22. Alignment of DNA (top) and cDNA (bottom) for A. thaliana snRNP 
NM_130326. Amino acids flanking the intron are displayed, red colour of symbols 
indicates homology with translated Opk4_1r SCAR 
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Figure 3.23. Based on similarity with translated A. thaliana snRNP (NM_130326), 
intron/exon junctions, translation start, transcription start and 5’ UTR were predicted for 
the Opk4_1R SCAR marker. V. cundinamarcensis allele 1 is presented here. Green 
shading corresponds to the 5’UTR, Blue to the first exon and 5’ end of the second exon, 
and yellow corresponds to the first intron (99bp). The translation start (ATG) is 
underlined. Conserved AG/GU exon/intron and AG/G intron/exon consensus sequences 
are in bold font. 
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Figure 3.24. a) Alignment of amino acid sequences translated from the Opa11_5r 
marker alleles for 6 Vasconcellea species and C. papaya. Shading corresponds to 
conservation between the sequences, and red *  correspond to amino acids conserved 
between V. cundinamarcensis and the protein kinase of Oryza sativa (rice) NP_910157. 
b) Alignment of amino acid sequence translations for the same alleles as in a) following 
removal of the 5’ UTR and intron sequences.      corresponds to the predicted translation 
start and intron/ exon junctions.   
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Figure 3.25. Alignment of DNA (bottom) and cDNA (top) for A. thaliana protein 
kinase NM_119462. Amino acids flanking the intron are displayed, red colour indicates 
homology with Opa11_5r SCAR. 
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Figure 3.26. Based on similarity with translated A. thaliana protein kinase 
(AT4G33080) sequence and intron/exon junctions were determined for the Opa11_5R 
SCAR marker DNA sequence, presented here for V. cundinamarcensis. Blue regions 
correspond to a portion of the first exon and 5’ end of the first intron. The conserved 
AG/GU exon/intron and AG/G intron/exon border sequences are in bold. 
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Figure 3.27. Physical distribution of SNPs in the a) Opa11_5r  and b) Opk4_1r SCARs. 
Red and yellow key indicates non-coding and coding DNA sequence respectively. 
Clusters of common SNPs (>25%) are marked by  
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Figure 3.28. Results of PCR from cDNA using Opk4_1r and Opa11_5r SCAR primers, 
a)  1-2 amplification of the Opk4_1r SCAR from DNase treated RNA of V. parviflora 
and V. cundinamarcensis respectively, 3-4 amplification of the Opk4_1r SCAR from 
cDNA prepared using the Opk4_1r reverse specific primer in V. parviflora, 5-6 
amplification of the Opk4_1r SCAR from cDNA prepared using the Opk4_1r reverse 
specific primer in V. cundinamarcensis, 7-8 amplification of the Opk4_1r SCAR from 
genomic DNA of V. parviflora and V. cundinamarcensis respectively, 9-10 
amplification of the Opa11_5r SCAR from DNase treated RNA of V. parviflora and V. 
cundinamarcensis respectively, 11-12 amplification of the Opa11_5r SCAR from cDNA 
prepared using the Opa11_5r reverse specific primer in V. parviflora, 13-14 
amplification of the Opa11_5r SCAR from cDNA prepared using the Opa11_5r reverse 
specific primer in V. cundinamarcensis, 15-16 amplification of the Opk4_1r SCAR 
from genomic DNA of V. parviflora and V. cundinamarcensis respectively, b) 1-2 
amplification of the Opk4_1r SCAR from genomic DNA of C. papaya and V. parviflora 
respectively, 3-4 amplification of the Opa11_5r SCAR from cDNA prepared using the 
Opa11_5r reverse specific primer in C. papaya (Trizole RNA extraction), 5-6 repeated 
amplification of the Opa11_5r SCAR from cDNA prepared using the Opa11_5r reverse 
specific primer in V. parviflora, 7-8 amplification of the Opa11_5r SCAR from DNase 
treated RNA of V. parviflora and C. papaya respectively.  
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Figure 3.29.  Secondary structure for Opa11_5r predicted by m-fold.  197 
   
Figure 3.30. V. cundinamarcensis (a) and V. quercifolia (b) Opk4_1r SCAR restriction 
maps 
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Figure 3.31. conserved nucleotide sequences flanking intron/ exon and exon/ intron 
splice sites. . 
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Literature review 

 

0.1 The Caricaceae 

 

0.1.1 Carica papaya L. 

 

0.1.1.1 Botany 

 

Papaya (C. papaya L.) is a valuable species of dicotyledonous, rapid-growing, tree-like herb 

belonging to the Caricaceae family which consists of 5 additional genera and 36 known species. 

Carica is monotypic, containing only C. papaya which is the only Caricaceae species of worldwide 

economic importance (Manshardt and Drew 1998). Previously Carica contained 21 species, but 

following a recommendation by Badillo (2000) Carica was split in two, creating an additional 

genera Vasconcella, which contains 20 of the original 21 species. Rehabilitation of Vasconcella was 

prompted by a revision of morphological and genetic characteristics (Aradhya et al. 1999). The 

name Vasconcella was  later corrected to Vasconcellea in 2001 (Badillo 2001). The other genera 

include Jacaratia (7 species),  Jarilla (3 species), Cylicomorpha (2 species) and Horowvitza (1 

species) (Purseglove 1974; Storey 1976; Van Droogenbroeck 2002). All 6 genera have been 

identified to share a common phylogenetic origin with the Brassicaceae based on characterisation 

of glucosinolates and DNA sequence analysis (Rodman et al. 1998). 

The soft-wooded papaya grow to between 2 and 10 meters in height and are usually 

unbranched (Purseglove 1974). The stems are hollow and consist of spongy tissue with a cylindrical 

core. The main stem exhibits prominent leaf scars and is 10-30 cm in diameter (Purseglove 1974). 

The vascular xylem exhibit little to no secondary cell wall development. Leaves are bilaterally 

arranged around the stem close to the apex or crown, are pale green and orbicular, glabrous, 

palmately and deeply lobed. The lobes are deeply and broadly toothed with prominent veins. 

Petioles, which can be purple in colour, range from 25 – 100 cm long and are hollow like the stem  

(Purseglove 1974).  

Plants are dioecious but hermaphrodite or gynodioecious varieties occur. The three forms 

are easily discriminated by their flowers, which vary significantly between the varieties in 

morphology of the reproductive components and petals, as well as colour. Papaya fruit are 

described as a “fleshy berry”, weighing up to 9 kg and 7 – 30 cm in length. Fruit, which hang close 
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to the trunk, produced from pistillate flowers are near cylindrical, and pyriform, cylindrical or 

grooved from andromonoecious flowers. The skin varies between smooth/ thick and thin/ rough, 

and the central cavity is generally 5-angled, though round and irregular types are also observed 

(Purseglove 1974; IBPGR 1988). The seeds, attached in 5 rows in the interior wall of the ovary or 

central cavity, are about 5 mm in diameter and black/brown in colour, enclosed in a gelatinous 

sarcotesta from the outer integument. A main ridge runs the length of the seed on one side, which is 

parallel to the embryo axis. The embryo axis is usually straight, with ovoid, flattened cotyledons 

surrounded by a white/ yellow endosperm (Purseglove 1974).  

 

0.1.1.2 Origin and Distribution 

 

Carica papaya is cultivated throughout tropical and subtropical regions world wide (Storey 1976; 

Manshardt and Drew 1998) in latitudes to 32ºN and S, but have never been found in the wild, 

though wild forms exist. The papaya are indigenous to the lowlands of eastern central and southern 

America, and thought to arise through the natural hybridisation of C. peltata (Purseglove 1974) or 

another wild ancestor within Caricaceae (Van Droogenbroeck et al .2002).  Evidence of studies of 

floral anatomy have suggested that the progenitor of papaya flowered with small fruit like those of 

the domesticated C. papaya, now grown throughout the Caribbean region (Storey 1976; Badillo 

1993). In light of the evolutionary tendency of the Caricaceae species towards dioecism, it is 

postulated that the prevalence of present day gynodioecious forms of C. papaya, which are high 

yielding and produce better quality fruit, is due to continuous selection and planting by man over 

centuries (Storey 1976). Cultivation by early civilisations generated a large number of papaya 

varieties spreading across Mexico and Panama (Storey 1976).  Reports indicate that in the 1500’s 

seeds were brought from the coast of Panama to the islands of the West Indies,  then in the 16th 

century via trade routes to Manila and Malacca (Islands), reaching India, Uganda and Zanzibar 

(Africa) by the late 18th century. By 1916 C. papaya was emerging from a home garden crop to that 

of a commercial horticultural crop in Hawaii, one of the first major producers of papaya (Storey 

1952). Today papaya is grown throughout the tropical and subtropical world, even in some of the 

most remote islands of the south Pacific (Storey 1976; Manshardt and Drew 1998). 
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0.1.1.3 Cultivation 

 

Papaya is the only Caricaceae species that is widely cultivated. A number of factors contribute 

towards papaya being a major fruit crop in many countries. Firstly, papaya is readily distributed by 

seed and easy to grow, and because of its popularity in backyard gardens in most tropical and 

subtropical countries, planting material is readily available (Drew 2003). Secondly, unlike most 

tropical fruit crops that have short fruiting seasons, papaya can produce all year round when grown 

in the tropics (Drew 2003). Thirdly, papaya grows quickly and can set fruit in 4-6 months, with fruit 

yield generally being high and of good quality. Fourthly papaya is adaptable to a wide range of 

climates, although plants fruit seasonally in most temperate zones (Drew 2003). Commercially, 

plants are generally propagated by seed (Purseglove 1974), which can be stored for several years, 

however vegetative propagation by grafting, cuttings or in vitro tissue culture are used for 

commercial production in some regions (Drew et al. 1988). Optimum temperatures for growth are 

between 21 to 33ºC (Nakasone and Paull 1998). There are a number of commercial cultivars, the 

majority of which are gynodioecious lines producing female and hermaphrodite plants. These have 

been selected during the domestication of papaya, allowing the development of inbreeding lines 

with stable, heritable characteristics such as consistent yield and fruit quality. These characteristics 

are difficult to maintain by outbreeding dioecious plants (Purseglove 1974), thus hermaphrodites 

have become the preferred commercial crop. Pistillate plants segregating in either dioecious or 

gynodioecious populations are preferred as the fruit bearing trees in subtropical climes (Manshardt 

1992), such as South East Queensland, since they are less susceptible to seasonal fluctuations 

resulting in abortion of the gynoecium or carpellody in hermaphrodites affecting fruit set and 

development (Magdalita 1998). Many cultivars, such as the gynodioecious Hawaiian “Solo”, 

produce both female and hermaphrodite plants. Cultivation requires removal of the female plants 

from the field once they have been identified, so that fruits of uniform shape and size are produced 

(Purseglove 1974).  

 

 

0.1.1.4 Products of papaya 

 

Ripe fruit, high in vitamins A and B (Persley and Ploetz 2003), is generally eaten fresh throughout 

the tropics, but is also used as a substrate in soft drinks, jams, ice-cream flavouring, prepared as 
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dried fruit and canned in syrup (Purseglove 1974). Unripe fruits are used as a substitute for marrow 

and in apple sauce. C. papaya fruit juice can be used in the production of other food stuffs due to its 

high content of enzymes that are used in industrial processing (Purseglove 1974). Papain, a 

proteolytic enzyme similar to pepsin, extracted from the dried latex of immature fruits has many 

industrial and medicinal applications. It is used as a meat tenderiser, in the production of chewing 

gum, cosmetics, as a digestive aid and in exfoliative cytology for the detection of stomach and 

intestinal cancers (Purseglove 1974; Story 1976). It is also used for clearing beer, and in the tanning 

industry for bating hides, degumming natural silk, and producing shrink resistant wools. The leaves 

and fruit are prepared as food in some countries and the seed is used as a counter irritant, and 

absorbefacient (Purseglove 1974).  

 

0.1.1.5 World papaya production  

 

Commercial production of papaya is limited to tropical regions with mild climates and little 

seasonal variation (Magdalita  1998) and is the only species of the Caricaceae which is of 

worldwide economic importance (Manshardt and Drew 1998). A single female C. papaya plant 

normally produces as many as 100 fruits in its life cycle and about 250gm of crude dried papain in 

one year (Magdalita 1998). The world’s 10 leading producers of papaya in 2004 included Brazil, 

Mexico, Nigeria, India, Indonesia, Ethiopia, Democratic Republic of Congo (Zaire),  Peru, China 

and Venezuela (Figure 0.1.0; FAO 2005). There are a large number of other papaya producing 

nations of lesser importance, including Australia and the United States of America (Figure 0.1).  

World papaya production in 2004 was approximately 6.7 million metric tones (mt), ranking 

16th in importance as a tropical fruit, placing it just below dates, but ahead of grapefruit and pomelo, 

in tonnage (Figure 0.1.1; FAO 2005). Production and export of papaya from the top 10 papaya 

producing countries has been gradually increasing. A significant increase in Brazilian production 

was observed during the 1980s, overtaking the USA as the major papaya producer at this time 

(Magdalita 1998).   
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FAO, 2005 

FAO, 2005 

Figure 0.1.0.  World papaya production in metric tones 

(mt) for the top 15 producers in 2004. 

Figure 0.1.1. World fruit production in metric tones (mt) 

compared for the top 18 fruits produced in 2004. 
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0.1.1.6 Australian  papaya production 

 

The threat of pests and diseases has limited papaya production in Australia, as it has in most other 

countries worldwide. However, Australia’s comparatively small contribution to global papaya 

production (8,976 mt 2004; FAO 2005) is attributed to a lack of suitable areas with tropical climate 

for continuous, quality fruit production, and competition with other papaya growing regions. 

Queensland, the Northern Territory and Western Australia are the major papaya growing regions in 

Australia, with Queensland, principally the Innisfail and Atherton regions, being the largest 

producing state accounting for 90% of national production (QFVG 2003). Outputting close to 6,000 

metric tones of papaya annually (ABS 1997), the Queensland industry has been estimated at $AUD 

16 million of the 18 million dollar Australian industry (QFVG 2003). A small amount of papaya is 

grown in New South Wales. The majority of Australian papaya is sold domestically for 

consumption in Brisbane and Sydney, however market access applications are progressing for 

future trade with New Zealand and the USA (QFVG 2003). In line with trends for other papaya 

producers, gradual increases in production have been observed. A recent report from the 

Queensland Fruit and Vegetable Growers (QFVG) association indicated a desire to increase 

Australian per capita consumption of papaya from 0.75 kg in 2002 to 1.2 kg in 2008.  

 

0.1.1.7 Diseases of papaya 

 

Papaya is of small economic value compared with major tropical and subtropical fruit crops such as 

citrus, banana, mango and pineapple (Figure 0.2.0; FAO 2005). One factor significantly reducing 

the production of papaya is the damage or loss of crops to disease. Cultivated papaya has a narrow 

gene pool that may be partially responsible for the susceptibility of the papaya to many diseases 

(Table 0.1.0.; Kim et al. 2002; Persley and Ploetz 2003). The range of pathogens causing diseases 

in papaya is diverse and includes viruses, bacteria, fungi and fungi-like pathogens, pytoplasma and 

nematodes (Table 1.0; Persley and Ploetz 2003).  Pests that affect C. papaya include broad mites, 

red spider, aphids, fruit spotting bug, yellow peach moth and fruit fly (Persley and Ploetz 2003). In 

the 1990’s the Hawaiian papaya industry was badly damaged by an epidemic of papaya ringspot 

virus type P (PRSV-P) in the Puna region, not previously affected by pathogen, and saw a drop in 

production of 48%, from 50 to 26 million pounds of papaya per year (Gonsalves 1998a). 

Reductions in yield of 70 – 100% have been reported in other papaya producing countries world 



        Literature review 

 

 

                                - 7 -   

 

 

wide due to PRSV-P and other pathogens (Manshardt and Drew 1998; Persley and Ploetz 2003). In 

Australia, dieback is considered the major constraint to successful papaya production (Persley and 

Ploetz 2003).   

 

 

Table 0.1.0. Diseases of papaya 

Pathogen type Disease/ condition Pathogenic agent 
Virus Leaf curl Papaya leaf curl virus (PaLCV) (Chang et al. 2003) 
  Meleira  Papaya meleira virus (PMeV) (Maciel-Zambolim et al. 

2003) 
  Papaya droopy necrosis  Papaya droopy necrosis virus (PDNV) (Wan et al. 1983) 
  Papaya apical necrosis Papaya droopy necrosis virus (PDNV) 
  Papaya  leaf distortion 

mosaic 
papaya leaf-distortion mosaic potyvirus (PLDMV)( 
Maoka et al. 1996) 

  Papaya lethal yellowing Papaya lethal yellowing virus (PLYV) (Brunt et al. 1996) 
  Papaya mild yellowing papaya mild yellow leaf virus (PMYLV) (Brunt et al. 

1996) 
  Papaya mosaic Papaya mosaic virus (PapMV) (Brunt et al. 1996) 
  Papaya ringspot   Papaya ringspot  virus (PRSV) (Brunt et al. 1996) 
  Tomato spotted wilt Tomato spotted wilt virus (TSWV) (Brunt et al. 1996) 
Fungi Alternaria fruit spot  Alternaria alternata (Persley and Ploetz 2003) 
  Anthracnose  Glomerella cingulata (Persley and Ploetz 2003) 
  Asperisporium black spot  Asperisporium caricae (Persley and Ploetz 2003) 
  Black (dry) rot  Mycosphaerellea caricae (Persley and Ploetz 2003) 
  Brown spot  Corynespora cassiicola (Persley and Ploetz 2003) 
  Cercosproa black spot  Cercosproa papayae (Persley and Ploetz 2003) 
  Collar rot  Calonectria crotalariae (APSnet 2006) 
  Fusarium fruit rot Fusarium solani (APSnet 2006) 
  Lasiodiplodia fruit stem-end 

rot 
Lasiodiplodia theobromae (APSnet 2006) 

  Fruit and stem rot Fusarium solani (APSnet 2006) 
Phytophthora palmivora (APSnet 2006) 

  Powdery mildew Erysiphe cichoracearum (APSnet 2006) 
  Root rot and Damping off Phytophthora palmivora (APSnet 2006) 
  Soft-rot Rhizopus stolonifer (APSnet 2006) 
  Wet fruit rot Phomopsis sp. (APSnet 2006) 
Bacteria Bacterial canker and decline  Erwinia (Persley and Ploetz 2003) 
  Internal yellowing  Enterobacter colacae (Persley and Ploetz 2003) 
  Mushy canker  Erwinia (Persley and Ploetz 2003) 
  Bunchy top Unknown bacterium (APSnet 2006) 
Phytoplasma Papaya dieback Phytoplasma  (APSnet 2006) 
Nematodes Root-knot nematodes Meloidogyne incognita (APSnet 2006) 
  Reniform nematodes Rotylenchulus reniformis (APSnet 2006)  
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0.1.2 The “highland papaya” (Vasconcellea spp.) 

 

0.1.2.1 Botany 

 

Vasconcellea is the largest genus of Caricaceae consisting of 20 known species originating from 

Central and South America (Manshardt 1992, Badillo 2000a), plus a newly described species V. 

palandensis V.M. Badillo (Badillo et al. 2000b). Formerly a genus, then a section within the genus 

Carica, rehabilitation of Vasconcellea as a separate genus was realized based on assessment of 

morphological (Badillo 2000) and genetic markers (Aradhya et al. 1999). Further genetic studies of 

the Caricaceae support diversity of the two genera (Jobin-décor et al. 1997; Kim et al. 2002; Van 

Droogenbroeck et al. 2002; Van Droogenbroeck et al. 2004). Varying levels of sexual 

incompatibility observed between C. papaya and most of the Vasconcellea species further supports 

the new classification (Sawant 1958; Manshardt and Wenslaff 1989a; Manshardt and Wenslaff 

1989b; Drew et al. 1998). It has been noted that Vasconcellea is more closely allied with J. spinosa, 

than C. papaya, a member of the related genus Jacaratia spinosa (Aradhya et al. 1999; Kim et al. 

2002; Van Droogenbroeck  2002).  

 Vasconcellea are sparsely branched, herbaceous, pachycaul trees and contain a well 

developed system of articulated laticifers. Stipules are absent or spine like. Leaves are large, 

divided palmately or pinnately into 1, 3, 5 or 7 lobes and major veins, and arranged alternately 

around the stem. The stem is unique in that it contains almost no secondary xylem, and rigidity is 

maintained largely by the phloem and primary xylem. Plants exhibit monoecious or dioecious 

behaviour. Flowers, both male and female, can be found growing solitary or in chymes of two or 

more, but are rarely hermaphrodite. Flowers consist of five sepals and five petals, with the smaller 

male flower containing 10 anthers, and the larger female flower containing a bulbous ovary, with 

five fused carpels and many inverted ovules. The style is short and crowned with 5 stigmas. The 

fruit, which is a berry, ranges in size, colour and composition in the different species (Heywood 

1985; Badillo 1993; Scheldeman 2002).  

 The Vasconcellea species are casually referred to as the “highland” or “mountain” papaya 

due to their physical resemblance with papaya and their ecological preference for higher altitudes 

(Scheldeman 2002). The 21 Vasconcellea species include those previously belonging to Carica 

(Badillo 1993): V. weberbaueri Harms., V. candicans A. Gray., V. cundinamarcensis (also V. 

pubescens) (V.M. Badillo), V. monoica Desf., V. stipulata (V.M. Badillo), V. quercifolia (St. Hil.), 
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V. goudotiana (Tr. et Pl), V. cauliflora Jacq., V. parviflora (A. DC.), V. gracilis Linden., V. 

microcarpa Jacq., V. longiflora Badillo., V. pulchra Badillo., V. crassipetala Badillo., V. chilensis 

(Planch. Ex. A. DC.), V. horovitziana Badillo., V. omnilingua Badillo.,  V. sphaerocarpa Garc.-

Barr. Et Hern., V. sprucei Badillo., V. glandulosa (Pav. Ex A. DC.) (Badillo 2000; Van 

Droogenbroeck 2004), plus the recently described V. palandensis Badillo (Badillo 2000).  

 Two Vasconcellea species, V. cundinamarcensis and V. parviflora form the major focus of 

this study on PRSV-P resistance. Nomenclature of the species V. cundinamarcensis requires some 

clarification as it is currently recognised by two names, V. cundinamarcensis and V. pubescens. 

Recent publications concentrating on the Vasconcellea species, including those of Badillo (2000), 

Dillon et al. (2005), Kyndt et al. (2005b) and Van Droogenbroeck et al. (2002, 2004 and 2005) 

refer to this species by the name V. cundinamarcensis. The alternative name, V. pubescens, is 

equally acceptable and appears in recent papers by Jobin-décor et al. (1997), Drew et al. (1998), 

Manshardt and Drew (1998), Kim et al. (2002), Drew (2003) and earlier papers of Manshardt and 

Wenslaff (1987, 1989a and 1989b). To maintain consistency only one name, V. cundinamarcensis, 

will be used to describe this species throughout this thesis.  

 

0.1.2.2 V. cundinamarcensis V.M. Badillo (Badillo 2000; Figure 0.1.2) 

 

Also known as Vasconcellea pubescens, Vasconcellea cestriflora (A.DC.) Solms, Carica pubescens 

(A.DC.), Carica candamarcensis Hook. F., Carica cundinamarcensis Linden, Papaya pubescens 

(A.DC.) Kuntze and Carica chiriquensis Woodson. Plants are polygamous, monoecious or 

dioecious, 3 – 10m tall with few branches and pubescent, pachycaul stems. Petioles and leaves are 

essentially pubescent in all parts. Leaf blades are divided into 5-7 lobes with the same number of 

major veins. The male inflorescence, attached by a pubescent peduncle 1-15 cm long, contains 

many small flowers. In some seasons hermaphrodite flowers also appear on the male inflorescence. 

The female inflorescence is short and with few flowers, which are larger than the male flowers and 

white/ green in colour. The calyx is pilose and slightly open, the corolla is white/ green and slightly 

pubescent outside and pilose within. Fruits are egg-shaped or obovoid, yellow or orange in colour, 

obtusely pentagonous, on average 6-15 cm long and 3 – 8 cm wide. Fruits contain many seed, the 

sclerotesta is reddish brown, and sarcotesta smooth.   
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0.1.2.3 V. parviflora (A.DC.) (Badillo 1993; Figure 0.1.3.) 

 

Also known as Carica parviflora (A.DC.) Solms, Papaya parviflora (A.DC.) Kuntze, Carica 

paniculata Spruce and Carica leptantha Harms. Plants are polygamous, monoecious or dioecious, 

on average 3 m tall with few branches, glabrous, pachycaul stems. Leaves are palmately lobed, with 

3 - 7 lobes, or are sub-orbicular. Major veins, ranging from 3 - 7 in number,  are anchored at the 

base of the leaf. The male inflorescence contains male flowers only and does not exhibit 

bisexuality, is glabrous and attached to the stem by a pink peduncle 1 - 12 cm long. Male flowers 

are small and pink. Female flowers are larger and also pink in colour.  The calyx  and corolla are 

pubescent or pilose, and the corolla is abundantly pilose on the interior. Fruits are orange when 

almost ripe, and 2 - 2.5 cm wide by 10 - 12 cm long. Few seed are produced, 5 - 6 per fruit, the seed 

sarcotesta is smooth and yellowish, and the sclerotesta is light brown with slightly pronounced 

ridges. 

C 

Figure 0.1.2 Vasconcellea cundinamarcensis: a) male flower, b) mature leaf, c) 

anthers, d) male inflorescence, e)  female flower, f) seed, g & i-k) different forms 

of the mature leaf, h) fruit. Picture taken from Badillo 1993. 
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0.1.2.4 Geographical distribution  

 

Caricaceae, with the exception of two West African species have an entirely neotropical 

distribution (Van Droogenbroeck et al. 2004). The highland papaya, account for 35 known species, 

grouped into Vasconcellea and 4 additional genera (Van Droogenbroeck et al. 2004). Although 

originating from Southern America, Vasconcellea and Carica have independent centres of origin. 

Vasconcellea species are primarily found in the highlands of South America along the Andean coast 

(Van Droogenbroeck et al. 2004), whereas Carica has been shown to have an entirely Central 

American distribution and centre of domestication. Wild forms of papaya are also found in this 

region (Van Droogenbroeck et al. 2004; Kyndt et al. 2005). Vasconcellea have not been selected for 

cultivation, with the exception of V. cundinamarcensis and the babaco, and as a result their 

distribution is primarily due to natural spread. A small proportion of plants have been semi-

domesticated and are grown in local gardens (Van Droogenbroeck et al. 2004).  

Figure 0.1.3. Vasconcellea parviflora: a-b) young leaf, c) female flower, d) mature 

leaf, e) fruit, f) mature leaf, g) seed, h) male flower, i-j) mature leaf, k) anther, l) 

male inflorescence. Picture taken from Badillo 1993.  
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Within the South American region the species occupy a diverse range of habitats. The 

divergent evolution of these species has been attributed to the isolation of their different habitats, 

which accounts for the distinct morphological differences observed between the species. Fifteen of 

the 21 Vasconcellea species, the “highland papayas” grow in the upland valleys of Ecuador up to 

3000m above sea level (Badillo 1971, 1983, 1993). This region is considered as one of the hotspots 

for Vasconcellea species. J. spinosa and related species, V. parviflora and V. gouditiana originated 

in the west Andean foothills (Badillo 1971). V. cundinamarcensis grows in the temperate highlands 

at elevations from 1500-3000 m above sea level (Jordan 1992; Jordan and Velozo 1996). V. 

stipulata originates from the arid western regions of South America, V. quercifolia extends from 

central America to Argentina and Brazil occupying both tropical and temperate regions (Jobin-

décor et al. 1997), and V. cauliflora is native to central America (Badillo 1971).  

 

0.1.2.5 Interspecific relationships 

 

Natural hybrids of the Vasconcellea species have been identified in the wild where the species 

distributions overlap (Badillo 1971; Van Droogenbroeck et al. 2004). The highly parthenocarpic 

‘babaco’ or V. x heilbornii, is one such example of natural hybrid, thought to have arisen through 

the natural hybridisation of V. stipulata and V. pubescens (Badillo 2000; Van Droogenbroeck et al. 

2004). Such natural spontaneous hybridisations have been posed as a possible explanation for a 

large number of unclassified Vasconcellea specimens (Van Droogenbroeck et al. 2004). A recent 

study of species relationships in the genus Vasconcellea revealed a high level intercompatibility 

between several species, from which morphologically intermediate varieties have risen (Kyndt et al. 

2005). Several specimens could not be identified using existing morphological marker keys and 

were hypothesised to belong to known taxon, which should be extended to include a higher range of 

morphological variability, or to be of hybrid origin (Kyndt et al. 2005). From this study a 

recommendation to revise several taxa was made, due to the high intraspecific variation within V. 

microcarpa and V.  heilbornii.  

Several studies have attempted to quantify genetic relationships among and within the 

different genera of Caricaceae (Jobin-décor et al. 1997; Kim et al. 2002; Van Droogenbroeck et al. 

2002 and 2004). Molecular techniques have provided the greatest insight into the relative 

divergence of the species when compared to morphological markers, though in combination both 

marker types have assisted classification of the genera within Caricaceae. Genetic relationships 
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between Vasconcellea species have been measured using RAPD and isozyme markers (Jobin-décor 

et al. 1997), AFLPs (Van Droogenbroeck et al. 2002; Kim et al. 2002; Kyndt et al. 2005), RFLPs 

from a chloroplast DNA intergeneric-spacer region (Aradhya et  al. 1999) and PCR-RFLP of 

chloroplast and mitochondrial DNA (Van Droogenbroeck et al. 2004; Kyndt et al. 2005).  

AFLP and RAPD markers have revealed a high level of diversity between Carica papaya 

and the Vasconcellea spp. which are divided into discrete evolutionary clades (Jobin-décor et al. 

1997; Kim et al. 2002; Van Droogenbroeck et al. 2002). A recent study using a comprehensive 

subset of Vasconcellea species and allied genera indicated two major evolutionary lineages within 

Caricaceae based on inheritance of PCR-RFLP markers (Van Droogenbroeck 2004). One lineage 

contained only Vasconcellea species and the other was comprised of the remaining Vasconcellea 

species, 3 C. papaya genotypes, Jacaratia and Cylicomorpha spp.  Based on this result the author 

suggests a higher level of inter-fertility for the Vasconcellea species from the latter clade in 

intergeneric crosses with C. papaya. This hypothesis is supported with previous experiences with 

intergeneric hybridisation of the genera since V. parviflora and V. quercifolia are amenable to 

hybridisation with C. papaya (Drew et al. 1998), both of which reside in the second clade.  The 

result of Van Droogenbroeck et al. (2004) implies an extra level of complexity to the inter-

Vasconcellea  vs. Carica relationships that remains to be resolved.   

AFLP analysis, in combination with observed interfertility and geographic location, has 

assisted in determining hybridity of the V. x heilbornii  (babaco) plants, indicating V. 

cundinamarcensis and V. stipulata as the most likely parents based on cluster examination (Van 

Droogenbroeck et al. 2002). Several molecular markers in Vasconcellea may have application for 

breeding. Clustering of species or accessions in phylogenetic trees based on chloroplast or genomic 

DNA may help in predicting species interfertility and selection of most appropriate parents for 

subsequent hybridisation experiments.  

 

0.1.2.6 Traits of value 

 

Most of the Caricaceae are considered to be unexploited species (Van Droogenbroeck 2002), 

except for C. papaya which is the only species presently of commercial value. The remaining 

species, including the 21 Vasconcellea spp, are genetically diverse and as such represent a source of 

useful genes for the improvement of C. papaya (Manshardt and Drew 1998; Van Droogenbroeck et 

al. 2004). Disease resistances that have been characterised in the Vasconcellea genepool include 
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PRSV-P resistance (V. cundinamarcensis, V. cauliflora, V. quercifolia and V. stipulata; Conover 

1964; Horovitz and Jimenez 1967; Manshardt and Wenslaff 1987; Drew et al. 1998); Phytopthora 

resistance (V. gouditiana); resistance to papaw die back (Mycoplasma) (V. parviflora; Drew et al. 

1998) and black-spot resistance (V. cundinamarcensis; Drew et al. 1998). Other characteristics of 

value include cold tolerance in V. cundinamarcensis, pleasant flavour of fruits of V. stipulata, 

ornamental properties of V. parviflora due to colour of its flowers and inflorescence, and 

monoecious habit of V. monoica (Manshardt and Wenslaff 1989b). Consequently there have been a 

large number of hybridisations attempted between C. papaya and the Vasconcellea spp. in an 

attempt to introgress these traits, though this process has been somewhat limited by intrageneric 

fertility barriers (Drew et al. 2003).  

 

0.1.2.7 Biotechnology 

 

Biotechnological applications of the wild species have been primarily related to development of 

tissue culture and micropropagation in a small number of species. It appears that  many 

Vasconcellea are amenable to in vitro culture. Protocols for micropropagation from micro cuttings 

of nodes of apically dominant plants have been developed for Carica papaya (Drew 1992), and 

used successfully on related Vasconcellea species cauliflora, parviflora, pubescens, quercifolia and 

gouditiana, interspecific hybrids and backcross plants (Drew 2003). Somatic embryogenesis from 

callus and embryogenic cell suspensions has permitted regeneration of V. cundinamarcensis 

plantlets (Jordan 1986; Jordan and Velozo 1996).  The highly embryogenic nature of Vasconcellea 

zygotic embryos in hybrids of V. cauliflora and C. papaya has further been demonstrated, where 

plantlets were obtained via somatic embryogenesis of protoplasts isolated from embryogenic cell 

suspensions derived from zygotic embryos (Chen and Chen 1992). Immature zygotic embryos of 

interspecific hybrids between papaya and other Vasconcellea species have shown to be highly 

embryogenic (Drew 2003), and in vitro rescue of hybrid embryos has improved the regeneration of 

intergeneric hybrids of C. papaya and Vasconcellea spp. (Manshardt and Wenslaff 1987, 1989a and 

b; Magdalita et al. 1996, 1997a; Drew et al. 1998). 
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0.1.2.8 Commercial applications 

 

Vasconcellea cundinamarcensis also known as “Mountain” or “Highland” papaya (Hook f.), is 

cultivated for its small, egg-shaped fruits which can be eaten stewed or made into preserves 

(Purseglove 1974). V. cundinamarcensis is the only edible species of Vasconcellea growing in 

Chile (Jordan 1986). Several cultivars of the natural hybrid V. x heilbornii (var. chrysopetala, 

‘babaco’ and fructifragrans) are cultivated in Ecuador and New Zealand (Villareal et al. 2003; Van 

Droogenbroeck et al. 2004). These plants are largely parthenocarpic, and have an appealing flavour 

donated from V. stipulata (Manshardt and Wenslaff 1989b).  

 

0.1.2.9 Germplasm conservation  

 

It has been recognised that there exists a need to conserve the genetic resources represented by the 

Vasconcellea gene pool as their natural habitats are under increasing pressure for land clearing  

(Van Droogenbroeck et al. 2002). This may be achieved by monitoring populations in-situ, 

collecting seeds and other regenerative tissues for germplasm repositories, or maintaining plants ex-

situ in seed orchards. In light of the natural genetic diversity represented by these populations, and 

the potential for application of this diversity for improvement of commercial C. papaya cultivars, 

conservation of these species has been made a priority in Ecuador (Van Droogenbroeck et al. 2004).  

 

0.1.3 Genetics of the Caricaceae 

 

0.1.3.1 Genetics of sex determination 

 

The Caricaceae spp., including C. papaya, contain 2n=18 chromosomes (Purseglove 1974; Storey 

1976). Their genome is small, around 372 megabases (Mb), with chromosomes of similar size (~41 

Mb ea.) and morphology (Liu et al. 2004). Initial studies of genetics in Caricaceae involved 

characterisation of the genes or elements determining sex (Hofmeyr 1938 and 1939). Studies of 

tetraploidy were also presented in the literature at this time (Hofmeyr and van Elden 1942; Hofmeyr 

1945). Since then, sex determination has been a frequent subject of genetic analyses (Somsri et al. 

1998; Urasaki et al. 2002; Deputy et al. 2002; Liu et al. 2004). The majority of Caricaceae are 
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dioecious, having separate male and female plants, however physically distinct (heteromorphic) 

male and female sex chromosomes are not apparent based on morphology of the chromosomes 

(Meurman 1925; Suguira 1927; Lindsay 1930; Hofmeyr 1938). Although, Storey (1952) reported a 

pair of disjoining homologues in male plants at anaphase I of meiosis, that may represent a ‘male 

specific’ chromosome (Storey 1952). Several Caricaceae species also produce gynodioecious 

plants with andromonoecious, or hermaphrodite, flowers. Selection due to superior fruiting 

characteristics and the ability to self pollinate, has lead to the domestication of hermaphrodite C. 

papaya plants. This character is also observed for several Vasconcellea species such as V. 

cundinamarcensis (Storey 1976).  Hermaphrodites are presumed to have evolved through mutation 

of the male sex locus. Sexual ambivalence between male and hermaphrodite trees results in the 

formation of varying proportions of staminate and andromonoecious flowers, and such “sex 

reversals” have been shown to be influenced by climatic or photoperiodic changes and possibly 

genetic stress such as hybridisation with less compatible genotypes (Storey 1976). 

Based on segregation of the sex types, Hofmeyr (1938 and 1939) and Storey (1952) 

concluded that the genetic factors controlling sex in papaya were allemorphic, determined by three 

alleles: M1 male, M2 hermaphrodite and m female. Females (mm) are homozygous recessive, Males 

(M1m) and hermaphrodites (M2m) are forced heterozygotes (Storey 1952). Lethality of the M1M2, 

M1M1 or M2M2 genotypes (Hofmeyr 1938; Storey 1976) is thought to result from suppression of 

recombination and deleterious recessive mutations, similar to genes in the human Y chromosome 

(Liu et al. 2004).  

 

0.1.3.2 Genetic mapping in the Caricaceae  

 

Preliminary linkage analysis based on inheritance of sex and some morphological markers 

conducted by Hofmeyr (1938 and 1939) represent the first attempts to construct a genetic map of 

any Caricaceae species. Based on segregation and coinheritance of these traits in several mapping 

populations, recombination frequencies were calculated between sex, yellow and white flower 

colour, purple and plain stem colour, and yellow and red fruit colour. An early linkage map of the 

chromosome carrying these sex factors was published in the South African Journal of Science 

placing genes for sex, flower colour and stem colour on the same linkage group (Hofmeyr 1939). 

Linkage between sex and seed coat colour was also determined but not positioned in relation to the 

other genes (Hofmeyr 1941). Genetic studies of other qualitative characters, including mutant 
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papaya genes, are reported for recessive traits for albino character (a), dwarfism (d), diminutive 

plant (dp), crippled leaf (cp) and rugose leaf (rg) (Storey 1952).  

More recent mapping experiments with molecular markers  have yielded a denser 

framework of the C. papaya genome. Molecular maps are useful tools for characterising traits at the 

DNA level, and identifying molecular markers linked to the gene of interest (Jones et al. 1997). 

Using Randomly Amplified Polymorphic DNA (RAPD) markers a sex determining locus was 

mapped in a preliminary linkage map of C. papaya (Sondur et al. 1996). The 11 group framework 

map consisted of 60 dominant RAPD markers, 1 codominant RAPD marker and the codominant 

marker for sex type. This map revealed a number of markers closely linked to the sex locus (SEX1), 

and recombination distances in this case were adjusted for these markers to account for the missing 

lethal class, heterozygous M2M2 (Sondur et al. 1996). This map was estimated to cover 74% of the 

papaya genome,  and the number of linkage groups closely represents the haploid chromosome 

number. Extra linkage groups may have resulted from inadequate saturation of the genome.  A 

second higher-density linkage map was developed for C. papaya in 2004 consisting of 1,501 

Amplified Fragment Length Polymorphism (AFLP) and morphological markers (Ma et al. 2004). 

Fifteen percent of markers cosegregated with the sex locus, which was 4% more than expected if 

random genomic distribution of polymorphisms is assumed. The increased level of polymorphisms, 

detected as RAPD and AFLP, surrounding the sex loci in the maps of Sondur (1996) and Ma (2004) 

indicated that the male (Y) and female (X) homologues are highly differentiated, supporting the 

theory of an increase in deleterious recessive mutations close to the M1 and M2 loci (Liu et al. 

2004).  

The development of a Bacterial Artificial Chromosome (BAC) library of C. papaya in 2001 

(Ming et al. 2001) permitted the identification and physical mapping of the male-specific 

chromosomal regions of LG1, producing a contig spanning 990 kilobases (kb) (Ming et al. 2001; 

Liu et al. 2004).  Sequence analysis of the BAC contig for the sex determining chromosome 

indicated a high level of sequence divergence within the homologous X-like chromosome. A 

mosaic model was demonstrated that degradation of the Y-like chromosome is spread across a 

region where genetic recombination has been suppressed (Liu et al. 2004).  
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0.1.3.3 Development of markers for selecting qualitative traits 

 

Molecular marker techniques such as genetic mapping have been applied to dissect traits in C. 

papaya at the genetic level, and for marker assisted selection. Development of markers linked to sex 

in C. papaya has formed the focus of such studies. Due to the need to plant female and 

hermaphrodite plants in larger proportions than males, which don’t produce fruit, the ability to 

select these genotypes at the seedling stage prior to the labour intensive process of planting in the 

field is highly advantageous. Deputy (2002) developed three Sequence Characterised Amplified 

Region (SCAR) markers from RAPD markers which were linked to the sex determining locus. Two 

of these T12 and T1C (T1) were taken from the previously published linkage map of Carica papaya 

(Sondur et al. 1996), and an additional marker, W11, identified by screening large number of 

primers over the same population used to generate the preliminary map. The T12 and W11 SCARs 

reliably detected the hermaphrodite allele in papaya seedlings 99.2% of the time, however the T1 

marker was amplified in all sex types indicating that this polymorphism was not located in the male 

specific region of LG1. Additional SCAR markers capable of identifying the male and 

hermaphrodite sex types have been published in recent years (Parasnis et al. 2000; Urasaki et al. 

2002). These markers provide reliable sex diagnostic assays which are simple and inexpensive and 

therefore ideal for screening large numbers of plants before planting out crops. In the case of 

Urasaki et al. (2002) these sequences were shown to be absent from the female genotype. RAPD 

and DNA Amplification Fingerprinting (DAF) markers linked to sex have been generated in other 

cases, but these were not further characterised or converted into SCARs for PCR diagnostic testing 

(Somsri 1998; Lemos 2002).  

 

0.1.3.4 Analyses of genetic diversity 

 

A number of molecular studies have addressed inter and intra-specific relationships of the 

Caricaceae, providing estimates of genetic relationships between C. papaya and some of the wild 

Caricaceae species. These investigations reveal that the Carica and Vasconcellea spp. are 

genetically distant relatives, though some Vasconcellea species appear to be more closely aligned to 

C. papaya, such as V. quercifolia, V. stipulata, V. chilensis, V. parviflora and V. crassipetala 

(Figure 0.1.4.; Van Droogenbroeck et al. 2004). Overall, C. papaya appears to have diverged from  
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Figure 0.1.4. Consensus tree of Caricaceae spp. obtained from PCR-RFLP markers  

(Van Droogenbroeck et al. 2004) 
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the remaining Caricaceae species early in evolution (Jobin-décor et al. 1997; Kim et al. 2002; Van 

Droogenbroeck 2002), a process which was most likely aided by its adaptation for cultivation. 

Methodologies employed include RAPD, AFLP, Polymerase Chain Reaction – Restriction 

Fragment Length Polymorphism (PCR-RFLP), isozyme (enzyme variant) analysis,and direct DNA 

sequence comparisons of genes including cytochrome C, ribosomal gene sequences (5.8S and ITS) 

and chloroplast DNA sequences (Sharon et al. 1992; Stiles et al. 1993; Jobin-décor et al. 1997; 

Manshardt and Drew 1998; Aradhya et al. 1999; Kim et al. 2002; Van Droogenbroeck et al. 2002 

and 2004). The process of classifying the genera of Caricaceae and measuring the diversity of 

papaya cultivars has been greatly assisted by these methods. Morphological markers alone are not 

abundant enough, or considered sufficiently reliable to conduct detailed analysis, though barriers in 

intergeneric hybridisation and morphological diversity support the notion that Carica and 

Vasconcellea are distant relatives (Manshardt 1989b; Van Droogenbroeck et al. 2002). Analysis of 

10 papaya cultivars using RAPD has shown that the pool of domesticated papaya germplasm is 

narrow (Stiles et al. 1993). Further studies of diversity within C. papaya using AFLPs and a larger 

number of markers and cultivars also suggested limited genetic variation within Carica (Kim et al. 

2002), which makes sense intuitively since C. papaya is a domesticated species, long adapted by 

man for cultivation.  

 

0.2 C. papaya Ring Spot Virus Type p (PRSV-P) 

 

0.2.1 Taxonomy  

 

The Papaya Ringspot Virus (PRSV) is a definitive species of the genus Potyviridae (Brunt et al. 

1996), the largest group of plant viruses, comprising approximately 25% of known viruses (Shukla 

1994). PRSV-P was first described by Jensen (1949). Two closely related but distinct strains of the 

PRSV have been characterised; PRSV type P which infects Caricaceae species and cucurbits 

(Büchen-Osmond et al. 1988), and PRSV type W which infects cucurbits only (Bateson et al. 

1994). These two types are serologically indistinguishable, and nucleotide sequence homology of 

the coat protein (CP) and 3’ untranslated regions indicate that they are evolutionarily closely linked 

(Bateson and Dale 1992, Wang and Yeh 1992).  PRSV-P was first reported in South East 

Queensland, Australia, in 1991 (Thomas and Dodman 1993).  

There are two main theories on the appearance of PRSV-P in Australia. The first maintains 
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that PRSV-P was introduced by importation of virus infected material (Bateson et al. 2002). 

Comparison of the viral CP sequences of PRSV-P isolates from geographically distinct regions and 

PRSV-W indicated that variability in the sequences was related to geographical location rather than 

strain (Bateson et al. 1994; Wang et al. 1994). Furthermore, PRSV-P and PRSV-W Australian 

strains are more closely related than the other isolates from Southeast Asia, up to 96%, supporting 

the theory that the Australian strain of PRSV-P rose via mutation of the W strain at some earlier 

stage (Bateson et al. 1994).  

 

0.2.2 Structure, genetics and life cycle 

 

The PRSV-P particle morphology is described as helical, non-enveloped, filamentous and usually 

flexuous with a modal length of 760-800nm and 12nm wide (Shukla 1994; Brunt et al. 1996; Cann 

et al. 1997). Virions consist of 4-5% nucleic acid and 93 - 94% protein, with no lipid composition 

(Brunt et al. 1997). The genome is packaged in a protein case consisting of more than 2000 caspid 

(coat) protein molecules for transmission. The complete genome sequence of several PRSV-P 

isolates has been determined (Yeh  et al. 1992), consisting of approximately 10,000 nucleotides 

excluding the poly A tail. 

The genome is organised as a single stranded, linear, monosistronic, positive sense RNA 

molecule, with 5’ and 3’ untranslated regions, poly A tail, and 5’ virus genome linked protein (VPg) 

(Shukla 1994; Cann 1997). These features enable the transcript to act as an active mRNA, which is 

translated as a single polyprotein approximately 340-370 kd in length, using host encoded proteins 

(Figure 0.2.0.; Hollings and Brunt 1981; Dougherty et al. 1988). Approximately 77% of plant virus 

genomes are organised in this way (Lal and Lal 1993). Comparison of potyviral sequences indicate 

that genes encoding PI, P3 proteins and the N terminal region exhibit the greatest sequence 

variation. The translated proteins of these genes are speculated to function in specific host-virus 

interactions (Shukla 1994). Other protein sequences such as the CP exhibit intermediate levels of 

conservation, and sequences can diverged by as much as 12% between isolates (Gonsalves 1998a).  

Specific nucleotide and amino acid positions of the PRSV-P genes have been identified 

(Yeh et al. 1992), the organisation of these is found to be characteristic of the array in most 

potyvirus genomes. RNA from PRSV-P is translated as a large polyprotein that is subsequently 

cleaved by proteases to yield several functional proteins. Structural proteins, i.e. the coat protein,  

are cleaved first, followed by non structural proteins, proteases and proteins involved in RNA 
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replication (Shukla 1994). The order of protein activation is co-linear to the position of individual 

genes along the RNA sequence (Shukla 1994). Putative roles of the major proteins in virus function 

are presented (Table 0.2.1). The HC-pro protein has been associated with inactivation of plant 

defence systems against virus infection, such as PTGS (Miller et al. 2001). 

 

 

 

 
Figure 0.2.0. Order of protein processing is; first protein (PI), helper protein 

(HC), third protein (P3), cylindrical inclusion protein (CI), small nuclear 

inclusion protein (NIa), large nuclear inclusion protein (NIb), and coat protein 

(CP). Additional 6 kilo dalton proteins have been located between P3 and CI, 

and CI and NIa (Shukla 1994). 
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Table 0.2.1. Annotation of the PRSV-P potyviral RNA genome 

Gene region Position (nt)  Putative function Cited 

5′ non coding region 85  Translation enhancer 
(Shukla 1992) 

P1 1-548 Serine protease, intercellular movement 
(Shukla 1992) 

HC-Pro 549-1005 Cysteine proteinase, intercellular 

movement, counter defence 

(Shukla 1992) 

P3 1006-1349 Unknown 

6K1 1350-1402 RNA replication 

(Shukla 1992) 

(Waterhouse 2001) 

CI 1403-2036 Intercellular movement 
(Shukla 1992) 

(Matthews 2002) 

6K2 2037-2094 RNA Replication 
(Shukla 1992) 

NIa-VPg 2095-2282 Genome replication 
(Shukla, 1992) 

NIa-pro 2283-2521 Proteinase 
(Shukla, 1992) 

Nib 2522-3057 RNA polymerase 
(Shukla, 1992) 

CP 3058-3344 RNA encapsulation 
(Shukla, 1992) 

 

 

 

0.2.3 Symptoms 

 

The virus name is derived from the ringed spots that characteristically appear on mature fruits of 

infected plants (Figure 0.2.1a; Persley and Ploetz 2003). Symptoms are described as persistent and 

the earliest indicators of infection are prominent vein clearing and downward cupping of young 

leaves (Büchen-Osmond et al. 1988). In mature plants infection is characterised by mottling (Figure 

0.2.1c and d) and distortion of leaves (Figure 0.2.1.b), ring spots and oily streaks on petioles and 

upper parts of the trunk (Figure 0.2.1.f). Plants are often stunted and exhibit reduced fruit yield and 

quality (Figure 0.2.2; Brunt et al. 1996; Gonsalves 1998a). The symptoms are reported to be severe 

in cold conditions (Jensen 1949; Conover 1964). The incidence of infection in young plants, less 

than 2 months old, is high and affords plants that are incapable of producing mature fruit 

(Gonsalves 1998a).  
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0.2.4 Transmission 

 

PRSV-P is transmitted in a non-persistent manner by insect vectors, Myzus persicae and Aphis 

gossipyii (Brunt et al 1996), to a narrow range of host species (Persley and Ploetz 2003). 

Transmission of PRSV-P requires disruption of the cell wall or plasma membrane, usually achieved 

when the insect stylet penetrates the cells during feeding. It is commonly accepted that  

 

 

 

 

 

 

 

 

 

Figure 0.2.1. Symptoms of the Australian strain of Papaya ringspot virus type P in Carica 

papaya. a) stretched morphology of infected leaves, and deformation of fruit,  b-e) mottling 

in leaves, ring spots on fruit and water soaked lesions on stems. 
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PRSV-P is not transmitted through seeds of C. papaya (Gonsalves 1998a). One study indicated that 

a very small percentage (0.15%) of seedlings grown from seed of infected plants contracted the 

virus (Bayot et al. 1990), however these results were  not reproducible and did not indicate that seed 

is a significant mode of transmission for the virus. 

Virus particles are found in all parts of the plant, including the cell cytoplasm and vacuole 

(Büchen-Osmond et al. 1988). Movement of infectious material from the initial site of infection can 

be rapid. Movement in the phloem has been measured at speeds of 2 to 60cm/h for some viruses 

(Matthews 2002). Potyviruses such as TMV can spread systemically within hours, though this rate 

varies significantly with virus type (Matthews 2002). No information on the rate of PRSV 

movement has been published, however symptoms of PRSV-P in C. papaya generally appear 

within 27 days post-infection (Thomas and Dodman 1993). Following infection, leaves generally 

undergo a sink-source transition causing a decline in the amount of virus entering the lamina, so 

that in mature sink leaves only the base of the leaf becomes infected. For many plant species there 

is a zone of virus free tissue in meristematic regions (Matthews 2002). 

 

0.2.5 Epidemiology 

 

Papaya is the major primary and secondary source of inoculum (Persley and Ploetz 2003), and rapid 

spread of the virus can occur resulting in total infection of plantations less than six months after the 

virus is first detected (Gonsalves 1998a). Rate of transmission is highest when young plantations 

are placed close to infected plants, and when populations of aphids are high (Gonsalves 1994). 

Transmission is highly dependant on transitory aphid populations, as papaya is not a preferred host 

for the insects and colonies are rarely found on plants (Persley and Ploetz 2003). 

The first incidence of PRSV-P in Australia was reported in 1991 in south-eastern 

Queensland at Wamuran, Dayboro and Morayfield in the area of Caboolture, a major growing 

region of C. papaya in QLD (Thomas and Dodman 1993). The disease was also recorded in 

suburban areas of Brisbane, mostly in domestic gardens. The geographical extent of the spread was 

between Bundaberg and Beaudesert. By 1993 the virus was considered to be endemic in certain 

infected areas and a quarantine zone was established to prevent transmission of the disease into 

northern QLD growing regions which support the largest proportion of the Australian C. papaya 

industry. 

On a global scale PRSV-P is well established. The virus was first reported infecting C. 
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papaya plants in 1949 in Hawaii (Jensen 1949), originating from South and Central America, and it 

occurs in most regions where C. papaya is cultivated (Tennant et al. 1994). Seriously affected 

regions include the South and Central America, India, Asian and Pacific islands and the USA. The 

virus has devastated the C. papaya growing industries of major C. papaya producers such as Brazil 

and Hawaii reducing global C. papaya production for commercial export, and causing yield losses 

as high as 70% (Gonsalves 1998a). 

 

0.3 PRSV Management strategies 

 

The Papaya Ringspot Virus (PRSV-P) is the most significant disease of C. papaya world wide and 

occurs wherever papaya is grown (Gonsalves 1998a). Effects of the virus have a serious impact on 

papaya production, and have crippled the papaya growing industries of major papaya producing 

countries. The main challenge facing papaya growers internationally has been how to develop 

effective management protocols to limit infection. Strategies to limit virus transmission and develop 

resistant or tolerant C. papaya varieties can be broadly divided into 2 groups, 1) traditional, low-

tech practices, and 2) high-tech practices, involving development of tools based on molecular 

biology. The success of these methods is dependant on both biological and economic factors, such 

as virulence of the strain, climate, geographical isolation, insect populations, availability of new 

technology and expertise, cost of chemicals, labour and research and development. The 

development of PRSV-P resistant C. papaya cultivars is considered the best strategy for long-term 

virus control (Magdalita et al. 1997a; Gonsalves 1998a). 

 

0.3.1 ‘Low-tech' management 

 

0.3.1.1 Managing virus populations 

 

Management of PRSV-P traditionally relied on a small number of labour intensive, often 

impractical, approaches that aimed to isolate crops from the virus and its insect vectors. Aphid 

populations can be managed using pesticides, however this involves costs for chemicals and labour, 

and introduces risks associated with spraying fruit with toxic chemicals. Roguing or culling of 

infected crops to reduce the levels of PRSV-P in the environment is another method, which has 

worked well in Hawaii, though this is an expensive and not always effective practice (Gonsalves 
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1998a). Growing papaya under aphid proof netting to exclude PRSV until plants are fully 

developed and better able to withstand the virus has been considered a feasible option in some 

areas. 

Isolation of healthy crops from infected regions via natural, physical barriers such as oceans 

and lava flows has been effective in some areas, but is not considered a long term solution 

(Gonsalves 1998a). Crops on the Hawaiian island of Puna remained infection free for 

approximately 30 years after the industry moved from the PRSV-P affected island of Oahu in the 

1950’s by careful management and roguing of PRSV-P infected crops (Gonsalves 1998a). In most 

cases this has been a temporary solution. In Brazil, removal of 66% of papaya crops from Sao Paulo 

and Rio de Janeiro to northern more remote locations similarly provided protection from the PRSV,  

however the virus followed the industry to this region in the following years (Gonsalves 1998a). In 

Australia papaya growers have withdrawn to North Queensland, utilising physical distance as a 

barrier from infected regions. Queensland quarantine legislation prohibits the movement of Carica 

and Cucurbita plants between South East and the North Queensland growing region reducing the 

risk of introducing infected materials. Due to the presence of PRSV-P in SE Queensland, interstate 

quarantine authorities have also imposed entry restrictions on papaya fruit grown in the state (QDPI 

2002). 

 

0.3.1.2 Breeding tolerant papaya varieties 

 

Resistance to PRSV-P has not been reported in any Carica papaya cultivars to date (Drew et al. 

1998). Varying levels of tolerance, but not resistance, have been detected among the papaya 

varieties. Breeding tolerant varieties with susceptible high yielding commercial varieties has 

generated some tolerance and improved yield under infectious conditions (Chen 2004). Although 

tolerant lines allow a higher level of production in infected areas, when accompanied by practices 

such as isolating orchards and roguing infected plants, symptoms reduce the quality of the produce 

which does not have consistent economic returns for the growers (Gonsalves 1998a).  

 

0.3.1.3 Cross protection 

 

Papaya ringspot virus (PRSV) HA5-1, a mild mutant of type P Hawaii severe strain (PRSV P-HA), 

has been widely used for the control of PRSV type P strains in papaya via cross protection (You et 
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al. 2005). This method was first applied to papaya in the late 1970’s (Gonsalves 1998a; Shukla et al 

1994). Cross protection is a naturally occurring phenomenon in plants whereby infection with a 

mild virus strain induces tolerance against virulent related strains. Low levels of symptoms are 

typically generated on cross protected plants due to the mild strain which does not significantly 

reduce economic returns. It has been shown that cross protection will not however provide effective 

protection against the virus if the severe and mild strains are not closely related. Cross protection 

has not been widely accepted as a viable solution to PRSV-P as it is labour intensive, gives 

fluctuating economic returns and farmers have been reluctant to infect their crops with a live virus 

(Gonsalves 1998a).  

 

0.3.2 Biotechnological (high-tech) management 

 

0.3.2.1 Transgenic resistance 

 

Transformation and regeneration of valuable, susceptible cultivars with viral DNA sequences that 

induced a resistant phenotype has been a major breakthrough in developing resistant C. papaya 

cultivars. Transgenic, resistant papaya plants have been generated in Hawaii, Taiwan and Australia 

using a pathogen derived approach (Yeh et al. 1997; Gonsalves 1998b; Lines et al. 2002). 

Pathogen-derived resistance (PDR) refers to the phenomenon whereby plants transformed with an 

essential pathogen derived gene sequence or protein become protected against the effects of the 

pathogen (Tennant et al. 1995; Gonsalves 1998a). Several mechanisms influencing this process 

have been described, which primarily involves recognition and degradation of viral gene sequences 

(Waterhouse et al. 2001 a, b). Resistance can be elicited by the transgene or protein, however RNA 

sequences have shown to give the greatest level of protection (Lomonssoff 1995). This results from 

co-suppression of viral RNA via post-transcriptional gene silencing (PTGS) (Waterhouse et al, 

2001a, b). Co-expression of sense and antisense transgenes has shown to increase the frequency of 

co-suppression in transgenic plants (Waterhouse et al. 1998). Resistance to PRSV-P has been 

generated in C. papaya using DNA constructs containing one or more copies of viral nucleotide 

sequences which are transcriptionally regulated by a constitutive promoter (i.e. 35S) and terminator 

(i.e. NOS) (Lines et al. 2002; Yeh et al. 1997). The following is a summary of advances made 

towards generating transgenically resistant papaya.  

The development of transgenic resistant papaya suitable for Hawaii was undertaken, by 



        Literature review 

 

 

                                - 29 -   

 

 

transforming commercial cultivars “Sunset” and “Kapoho”, with a DNA construct containing 

translatable CP gene sequences taken from the mild PRSV-P strain, PRSV-HA 5-1, a homologue of 

the severe strain PRSV-HA (Fitch et al. 1992). The transgenic line 55-1 (later named “SunUp”), 

showed robust resistance to the virus with 95% of plants withstanding the PRSV-HA strain in the 

field (Gonsalves 1998a), however plants showed variable resistance to non-Hawaiian isolates 

(Tennant et al. 1994). Non-translatable CP constructs similarly conferred long lasting resistance to 

PRSV-HA in the cultivar ‘Sunrise’, and afforded varying levels of resistance to non-Hawaiian 

isolates (Gonsalves et al. 1998b). The PRSV-HA 5-1 CP transgene was stably incorporated into the 

genomic DNA, and therefore resistance could be transferred into new lines via hybridisation 

(Gonsalves 1998a), however resistance may be affected by gene dosage and plant development 

(Tennant et al. 2001; Lines et al. 2002). The commercial cultivar “UH Rainbow” was generated by 

hybridisation of cultivars “SunUp” and “Kapoho”, and released commercially in 1999 (Gonsalves 

1998a). Higher levels of resistance towards non-Hawaiian isolates identified in the PRSV-HA 5-1 

CP transgenic line “Sunset” (65-1), indicates that broader levels of  resistance can be obtained, 

which may be dependant on the individual transgenic plant. Similarly in Taiwan, CP mediated 

resistance developed using PRSV-P isolates from the Taiwan region showed broad spectrum 

resistance to some PRSV-P strains from Thailand and Hawaii as well as complete resistance against 

the Taiwan isolate (Yeh et al. 1997).  

In Australia, transformation of two commercially grown South East Queensland papaya 

cultivars GD3-1-19 and ER6-4, with constructs containing the complete CP gene from a 

Queensland PRSV isolate, exhibited resistance to PRSV-P under glasshouse and field conditions 

(Lines et al. 2002). The level of resistance observed was described as “immunity” as  the virus 

could not be detected (Lines et al. 2002). Given the close sequence homology of Australian PRSV-

P isolates, the transgenic CG-9 and CE-2 plants are expected to facilitate sustainable resistance 

against Australian isolates present and further mutations of PRSV-W (Lines et al. 2002). These 

plants are presently used as parent lines for papaya breeding, and it was proposed that transgenic 

plants would be utilised for hybridisation with valuable susceptible cultivars, such as the red fleshed 

“Solo” (Lines et al. 2002).  Both of the completely resistant transgenic plants developed in this 

study carried multiple transgenes, indicating possible gene dosage affects on the level of resistance 

(Lines et al. 2002). It has been acknowledged that this may complicate transfer of the effective 

transgene complement into hybrids due to segregation of these genes in the progeny.  At this stage 

neither of these lines had been released commercially. Constructs based on the vector pNS6 have 
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also been developed containing sense and antisense transgene sequences of the CP gene and nuclear 

inclusion gene (NIa) of a SEQ PRSV-P isolate (Talty 1999). Transformation and regeneration of 

papaya with these constructs may be another alternative for developing transgenic resistant plants 

for Queensland.  

Despite the success of transgenic resistance in some regions, the need for a high degree of 

nucleotide sequence homology between the virus and transgene (>98%) places limitations on its 

application. Since transgenic resistance is highly “strain specific”, transgenes are unable to confer 

significant broad range protection against virus isolates from different geographical regions or new 

strains that may evolve via mutation (Gonsalves 1998a; Tennant et al. 2001). As such, transgenes 

need to be tailored to the viruses affecting the regions where they will be grown (Gonsalves 1998a). 

In Australia it has been acknowledged that aggressive PRSV-P isolates from neighbouring regions, 

such as Pacific Asia, are a major threat to the stability of transgenic resistance due to reduced 

sequence homology with Australian isolates, which vary as much as 12% in the CP region (Bateson 

et al. 1994). The development of durable, complete resistance against a broader spectrum of virus 

isolates is desirable (Magdalita et al. 1997a; Drew et al. 1998). Resistance to PRSV-P conferred by 

several of the Vasconcellea species, presents a alternative source of resistance genes, which have to 

date provided resistance against all known strains of PRSV-P (Conover 1964; Manshardt and 

Wenslaff 1989b; Drew et al. 1998). Introgression of wild germplasm conferring immunity to 

PRSV-P would be advantageous for several reasons; firstly, resistance should be effective against 

all strains of PRSV-P from different geographical regions, secondly, several sources of PRSV-P 

resistance appear to be regulated by a single gene or locus and therefore suited for introgression via 

breeding programs, thirdly, development of non-transgenic resistant C. papaya via hybridisation 

may be more appealing to the general public and permit rapid deregulation and commercialisation 

of resistant crops.   

 

0.3.4 Intergeneric hybridisation 

 

Traits of interest conferred by the wild species that might be applied for improvement of Carica 

papaya include PRSV-P resistance (reported in V. candicans, V. cauliflora, V. cundinamarcensis, V. 

quercifolia, V. stipulata and the V. x heilbornii (babaco) (Manshardt and Wenslaff 1989b), 

improved flavour of fruits (V. stipulata and babaco), monoecious habit (V. monoica),  cold-

tolerance (V. cundinamarcensis and V. stipulata), ornamental characteristics and resistance to 
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‘papaya dieback’ disease (V. parviflora) (Drew et al. 1998). The Principal aim of intergeneric 

(between genera) hybridisation of Carica and Vasconcellea has been to transfer PRSV-P resistance 

from the wild species (Manshardt and Wenslaff 19898b; Drew et al. 1998). Investigations into the 

potential for transfer of genes conferring disease resistance from Vasconcellea species to C. papaya 

via intergeneric hybridisation have yielded resistant hybrids, demonstrating heritability of the 

PRSV-P resistant character, and indicating the suitability of hybridisation for development of 

resistant papaya cultivars (Magdalita et al. 1997; Magdalita et al. 1998; Drew et al. 1998). No 

resistant papaya varieties suitable for commercial cultivation have been generated by hybridisation 

to date, however several breeding programs are presently implementing crosses with papaya and 

intergeneric backcross progeny in an attempt to achieve this goal (Drew, personal communication). 

The slow progress in obtaining resistant cultivars has been largely genetic incompatibility of the 

wild species and papaya, the need for several generations of back crossing to eliminate undesirable 

wild germplasm, a limited understanding of the genetics of PRSV-P resistance and a lack of 

molecular tools to assist the breeding process.  

Incompatibility has been a major barrier to hybridisation between the distantly related 

genomes of the Vasconcellea species and Carica papaya, as a result they have been described as 

sexually incompatible (Manshardt and Wenslaff 1989a, b; Magdalita et al. 1997a; Drew et al. 

1998). Prezygotic barriers in hybrids of papaya and Vasconcellea have been found to be minimal 

(Manshardt and Wenslaff.1989a) however post zygotic barriers resulting in abortion of immature 

embryos and deterioration of the seed endosperm are problematic (Manshardt and Wenslaff 1989a; 

Drew et al. 1998).  Early  attempts at intergeneric hybridisation reported difficulty in obtaining 

embryos due to these instabilities (Jimenez and Horovitz 1958; Mekako and Nakasone 1975).  Low 

fertility of pollen in most of the Carica x Vasconcellea hybrids (Drew et al. 1995, 1998), reduced 

flower set (Drew et. al. 1995), high hybrid mortality and poor vigour due to hybrid breakdown 

(Drew et al. 1995; Magdalita et al. 1997a and b; Drew et al. 1998), also result from incompatibility 

and impede successful hybridisation. Genetic abnormalities such as aneuploidy, preferential 

elimination of wild germplasm in back-cross populations and allotetraploidy resulting in functional 

unreduced zygotes are prevalent in intergeneric hybrids of V. cundinamarcensis, V. cauliflora and 

V. quercifolia (Manshardt and Wenslaff 1987; Magdalita et al. 1997a, 1998). It has been noted that 

the success of  hybridisation is partially dependant on the C. papaya cultivar employed (Manshardt 

1989b; Drew et al. 1995). V. monoica, V. cundinamarcensis and V. quercifolia all exhibited 

heightened intercompatibility with “Sunrise” and “Washington” cultivars, whereas V. parviflora 
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and V. stipulata were more compatible with “Kapoho”, UH334 or UH352 cultivars (Manshardt and 

Wenslaff 1989b). In Australia, C. papaya clone 2.001 exhibited most interfertility with V. cauliflora 

(Drew et al. 1995; Magdalita et al. 1996). The development of improved in vitro culture 

methodologies to assist recovery of immature embryos has made possible the generation of viable 

hybrids from previously incompatible species (Manshardt and Wenslaff 1989b; Magdalita et al. 

1997a; Drew et al. 1998).  

Previous examinations of inheritance of PRSV-P resistance in hybrids of Vasconcellea spp. 

indicates that multiple sources of resistance may be present in the Vasconcellea gene pool 

(Magdalita et al. 1997a; Drew, personal communication). Single gene traits are generally more 

easily introgressed via hybridisation since stable transfer of the phenotype is not compromised by 

multiple independently segregating genes or alleles which can cause gene dosage or QTL effects 

(Jones et al. 1997). Therefore, traits regulated by single dominant genes are preferred for breeding. 

A lack of in-depth understanding of the genetic organisation of PRSV-P resistance regulating genes 

in Vasconcellea has afforded selection of wild germplasm for large scale hybridisation experiments 

which were not optimal (Drew et al. 1998). However to a large extent, selection of appropriate 

breeding materials has involved a trade off between interspecies compatibility and expected 

resistance gene complement.  

Intergeneric hybridisations have been reported between C. papaya and several 

Vasconcellea species that do not confer PRSV-P resistance such as V. gouditiana, V. monoica and 

V. parviflora (Addison 1943; Sawant 1958; Manshardt and Wenslaff 1989b; Drew et al. 1998). 

Instabilities associated with wide crosses were observed in all progeny, the extent of which varied 

depending on the species and direction of the cross. First generation hybrids of V. parviflora and C. 

papaya recovered by in vitro embryo rescue were vigorous, exhibited some fertility, and withstood 

‘papaya dieback’ disease in field plantings over a 5 year period (Manshardt and Wenslaff 1989b; 

Drew et al. 1998). In recent years hybridisation efforts have focused on Carica and the PRSV-P 

resistant Vasconcellea species V. cauliflora, V. quercifolia, V. stipulata and V. cundinamarcensis, 

progeny of which have demonstrated heritability of the resistant character. In general the level of 

intercompatibility observed between the species presented is in agreement with genetic distances 

estimated using molecular markers (Jobin-décor 1997; Drew et al. 1998 Aradhya et al. 1999; Van 

Droogenbroeck et al. 2002, 2004) 
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0.3.4.1 C . papaya x V. cauliflora  

 

First generation hybrids of these species exhibit polyembryony and self abortion of embryos is 

reported. Plants generally lack vigour, and are infertile (Sawant 1958; Horovitz and Jimenez 1967; 

Litz and Conover 1983; Manshardt and Wenslaff 1989a; Magdalita et al. 1997; Drew et al. 1998). 

The poor vigour of field planted trees has been tentatively attributed to testing in subtropical climes 

(Drew et al. 1998). Back crossing with C. papaya has not been attempted for this hybrid due to the 

instabilities mentioned. One hundred percent of F1 progenies exhibit strong resistance to PRSV-P 

when tested using serological techniques following manual and field exposure to the virus, 

suggesting involvement of a single dominant gene (Magdalita et al. 1997a). For this reason V. 

cauliflora has been of interest as a source of PRSV-P resistance. Despite this, further progress has 

not been made with this cross due to genetic instability of the progeny.  

 

0.3.4.2 C. papaya x V. quercifolia 

 

Hybrids of these species exhibit some pollen fertility in the F1, and back cross populations with C. 

papaya cultivar 2.001 produce “papaya like” hybrids, some of which exhibited improved resistance 

to PRSV-P (Drew, personal communication). Greater density of ovules in progeny of these species 

indicate their compatibility for hybridisation (Manshardt and Wenslaff 1989b). Overall these 

hybrids tended to be more stable than other crosses, and a high percentage of embryos could be 

successfully recovered from in vitro culture (Manshardt and Wenslaff 1989b; Drew et al. 1998). 

Resistance to PRSV-P conferred by V. quercifolia was shown to segregate among the F1 hybrids, 

most of which exhibited varying levels of tolerance rather than complete resistance (Drew, personal 

communication). An earlier study reported that plants withstood the virus following repeated 

manual inoculations, but were not field tested (Manshardt and Wenslaff 1987).  
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0.3.4.3 C. papaya x V. cundinamarcensis 

 

Progeny of crosses between C. papaya and V. cundinamarcensis grow vigorously, but are infertile 

(Manshardt and Wenslaff 1987; Drew et al. 1998). All hybrids developed to date have been female, 

with flowers that grow on both short and long peduncles. The latter are similar in morphology to 

male and hermaphrodite flowers (Drew et al. 1998).  The complete lack of fertility of pistilate 

flowers is indicative of the inherent genetic instabilities resulting from the wide cross. Reciprocal 

back crossing failed in greater than 99% of cases due to early ovule abortion before embryos were 

sufficiently enlarged for transfer to culture medium (Horovitz and Jimenez 1967; Manshardt 1987; 

Manshardt and Wenslaff 1989b; Drew, personal communication). Culturing young ovules rather 

than embryos has been suggested as an alternative for recovery of reciprocal crosses (Manshardt 

and Wenslaff 1989b). F1 hybrids of these species are completely resistant to PRSV-P, suggesting 

single dominant regulation. However, despite this appealing characteristic the inherent 

incompatibility of the parents means that transfer of PRSV-P resistance genes to C. papaya via 

direct hybridisation may not be a viable approach.  

 

0.3.4.4 C. papaya x  V. stipulata 

 

Hybrids of these species have been successfully recovered from in vitro culture and transferred to 

the field (Manshardt and Wenslaff 1989b). These plants exhibited the same post-zygotic 

instabilities as in the other hybrids. Previous attempts to produce hybrids of these species by 

embryo culture showed the plants had low vigour and viability, and plants did not reach maturity 

(Horovitz and Jimenez 1967). V. stipulata has previously been reported to confer resistance to 

PRSV-P (Manshardt 1989b), however no mention is made of F1 progeny exhibiting resistance to 

the virus for any of the crosses cited in the literature.  

 

 

0.4 Characterisation of PRSV-P resistance in Caricaceae  

 

In general, germplasm of wild relatives of cultivated crops is little studied (Allen 1994). To date, 

the genetic basis of resistance to PRSV-P in the Caricaceae has not been characterised by classical 
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or molecular approaches. This may partly be blamed on unavailability of suitable populations for 

studies of resistance heredity. Studies of inheritance of PRSV-P resistance in Vasconcellea have 

been restricted to a few crosses, mostly intergeneric, and no detailed discussion on the significance 

of segregation of the resistant phenotype has appeared in the literature. Two main models for 

genetic control of PRSV-P resistance can be tentatively inferred from existing reports: dominant 

monogenic and multigenic, the latter is possibly influenced by epistasis. 

 

0.4.1 Monogenic sources of PRSV-P resistance 

 

Two Vasconcellea species, V. cundinamarcensis and V. cauliflora, exhibit dominant, possibly 

monogenic, resistance to PRSV-P based on inheritance of the resistant phenotype in F1 intergeneric 

progeny (Sawant 1958; Manshardt and Wenslaff 1989b; Drew et al. 1998). Both species exhibit 

immunity to PRSV-P. 

 One hundred and twenty F1 hybrids of V. cauliflora and C. papaya, were shown to be 

resistant to PRSV-P as plants did not develop symptoms within 30 days of exposure in the glass 

house and field (Magdalita et al. 1997a). Enzyme Linked Immunosorbent Assay (ELISA) of sap 

extracts following manual inoculation confirmed absence of infection in the leaves.  Segregation of 

PRSV-P resistance was not assessed in earlier hybrid populations generated using these species 

(Sawant 1958; Horovitz and Jimenez 1967; Litz and Conover 1983; Manshardt and Wenslaff 1987, 

1989a). 

Hybridisation of V. pubescens and V. parviflora produced vigorous F1 plants that were 

completely resistant to PRSV-P under glass house and field conditions (Drew et al. 1998). Similarly 

all intergeneric hybrids of V. cundinamarcensis and C. papaya are reported to be PRSV-P resistant 

(Manshardt and Wenslaff 1987; Drew et al. 1998). It was noted by Manshardt and Wenslaff (1987) 

that F1 plants of this cross were resistant under infectious field conditions, however some of these 

plants developed an acute reaction to the virus following manual inoculation. Recovery of these 

plants was observed within 2-6 months, which remained symptom free thereafter.  

Overall, this pattern of inheritance is suggestive of a single dominant gene. Crosses 

between the resistant genotype R R and susceptible genotype r r, where R and r are the dominant 

resistant and corresponding susceptible or ‘null’ alleles respectively, would be expected to yield 

heterozygote F1 plants that were all resistant, and this was observed. Resistance to PRSV-W in 

cucurbits has similarly been reported to be regulated by a single gene or group of closely linked 
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genes, and this gene clustered at a single locus with several other potyvirus resistance genes 

(Grummet et al. 2000). 

 

0.4.2 Multigenic sources of PRSV-P resistance 

 

V. quercifolia is completely resistant to PRSV-P (Sawant 1958; Manshardt and Wenslaff 1989b; 

Drew et al. 1998). Two separate hybridisations have been reported between V. quercifolia and C. 

papaya (Manshardt and Wenslaff 1989b; Drew et al. 1998). Most recently, inheritance of PRSV-P 

resistance was assessed in the F1 generation (Drew et al. 1998). A large proportion (75%) of the F1 

hybrids exhibited resistance to PRSV-P following glasshouse screening with an Australian PRSV-P 

isolate. The resistant state was compromised in most plants following prolonged exposure to high 

levels of inoculum in the field (Drew, personal communication). Hybrids generated by back 

crossing (BC) resistant F1 plants to C. papaya afforded a small number of highly tolerant progeny 

which remained symptom free in the field up to three years post infection (Drew, personal 

communication). 

Several genetic models could account for the observed segregation. The 3:1 ratio (resistant 

to susceptible) initially observed in the F1 implied that resistance may be controlled by more than 

one gene (a case for 2 genes is presented) where either gene confers resistance, Figure 0.3.0 (a). 

This model requires V. quercifolia to be heterozygous for both genes, and we assume a ‘null’ effect 

of the corresponding allele from C. papaya. A second model assumes multiple resistance genes (a 

case for 2 genes is presented) that have additive effects, Figure 0.3.0 (b). This model best accounts 

for the observed segregation in the F1, which explains the large proportion of ‘tolerant’ plants 

following breakdown of PRSV-P resistance. Assuming independent assortment at meiosis, the ratio 

of susceptible : tolerant : resistant genotypes in the F1 will be 1:2:1. Segregation of resistance in the 

BC generation would fit the second model assuming the genotype of the F1 used for back crossing 

was [R1, r1, r2, r2] or [r1, r1, R2, r2], where 50% of progeny would be tolerant and 50% susceptible, 

Figure 0.3.0 (c). Genetic anomalies have been detected in hybrids of V. quercifolia and C. papaya 

using molecular and cytological markers (Magdalita et al. 1997b; Magdalita et al. 1998; Dillon et 

al. 2004). Preferential elimination of V. quercifolia DNA in the BC was detected following a 

preliminary assessment of 34 Randomly Amplified DNA Fingerprint (RAF) markers in several F1 

and BC plants (Dillon et al. 2004). This phenomena may impede normal inheritance of resistance 

gene alleles from the F1 into the BC and could explain absence of resistant BC plants an F1 
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genotype R1r1R2r2.  

 

 

Figure 0.3.0. Genotype segregation for multigenic models for PRSV-P resistance 

 

 

0.5 Plant pathogen resistance 

 

Plants possess protective mechanisms against potential pathogenic microorganisms and herbivores. 

These defences comprise both constitutive barriers, existing independently of the pathogen, and 

barriers that are induced upon contact with the microbe, virus or insect (Schneider et al. 1996). 

Plants do not elicit resistance against pathogens based on antibody chemistry, but rely on host 

encoded proteins, nucleic acids and a range of biochemicals to induce and maintain the resistant 

state (Martin 1999; Ellis et al. 2000a; Matthews 2002). The end result, resistance, is the product of a 

tug-of-war interaction involving both defence and counter defence strategies employed by the plant 

and pathogen respectively (Waterhouse et al. 2001a; Matthews 2002). The outcome of this 

interaction is dependant on the specificity of the plants antiviral defence system, resistance gene 
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dosage, environmental conditions and general vigour of the plant (Waterhouse et al. 2001a). 

 

0.5.1 Types of resistance  

 

Resistance of plants to pathogens can be categorised broadly into three types, incompatibility, 

immunity and tolerance (Matthews 2002). Incompatibility describes a plant’s ability to resist most 

pathogens and generally applies to whole plant families or genera (Matthews 2002). With respect to 

viruses this is thought to result from incompatibly of the virus and plant encoded proteins required 

for transcription and translation, such as RNA dependant RNA polymerases (RDRP’s; Waterhouse 

et al. 2001a). Incompatibility may also arise from inability of the pathogen to overcome the plant’s 

outer defences, such as the leaf surface or cell wall (Matthews 2002). 

Plants capable of resisting pathogen infection, when other species or cultivars of the same 

family are susceptible, are classed as immune (Van Loon 1983; Matthews 2002). Immune plants 

exhibit no symptoms and no pathogenic agent can be recovered from any part of the plant (Van 

Loon 1983). Specific genetic components have been associated with immunity, for example the 

dominant N gene of tobacco confers resistance to TMV (Levy et al. 2004). These genes encode 

proteins that facilitate pathogen degradation following a ‘gene-for-gene’ model (van der Biezen and 

Jones 1998).  

Tolerance describes an apparent increase in pathogen defence, but not resistance, which can 

be dependant on environment, age, resistance gene dosage, and virulence of the pathogen 

(Ioannidou et al. 2000; Marczewski et al. 2001). Tolerant plants permit pathogen multiplication but 

this does not necessarily lead to symptom expression (Van Loon 1983). 

 

0.5.2 Resistance genes 

 

Plant disease resistance is regulated by genetically defined components. The majority of resistance 

genes are dominant, however recessive genes have been identified and are estimated to account for 

approximately 35% of all plant resistance genes discovered before 1998 (Khetarpal et al. 1998; 

Matthews 2002). Genes conferring distinct resistances have been shown to cluster together forming 

a concentration of defence related genes at loci throughout the genome that often consist of 

paralogues sequences (Takahashi et al. 2001; Akano et al. 2002). Characterisation of resistance 

gene clusters reveal that the genes tend to be polymorphic and have undergone diversifying 
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selection (Ellis et al. 2000b). Adaptation of resistance genes to newly evolving pathogens is 

attributed to DNA rearrangements, recombination, gene duplication, point mutations, and deletions 

and insertions of DNA repeats (Van Der Biezen and Jones 1998; Sicard et al. 1999; Ellis et al. 

2000b; Leister 2004). Resistance genes are diverse and include the pathogenesis related genes; β-1-

3-glucanases, chitinases and osmotin (Sticher et al. 1997), a large number of protein kinases, and a 

large class of genes with a C terminal leucine-rich repeat (LRR) domain of variable length that is 

responsible for Avr protein recognition specificity, and a nucleotide binding site (NBS) domain 

with proposed signalling potential via ATP hydrolysis (Ellis et al. 2000a). The NBS-LRR family of 

R genes is large, and proteins are largely characterised according to their domain types which 

include the (N) terminal coil-coil (CC) and  toll interleukin receptor homology (TIR) domains 

(Martin et al. 1999; Ellis et al. 2000; Romeis 2001; Belkhadir et al. 2004). The N gene isolated 

from tobacco conferring resistance to TMV is of the NBS-LRR class (Dinesh-Kumar et al. 2000). 

Non-TIR NBS-LRR R-proteins often contain putative leucine-zipper (LZ) motifs and are 

predominant in grasses (Ellis et al. 2001a).  

 

0.5.3 Mechanisms or resistance  

 

Resistance is maintained by both race specific and non-race specific mechanisms. Resistance 

induced by infection with one pathogen that confers broad spectrum resistance to other 

microorganisms is attributed to SAR, or systemic acquired resistance, and is a prominent example 

of non-race specific resistance (Sticher et al. 1997). By this process, infection causes a 

hypersensitive response (HR) leading to localised and systemic protection, in tissues remote from 

the initial site of infection such as roots and leaves, to the pathogen/s (Sticher et al. 1997; Kavanagh 

and Spillane 1995). The mechanisms contributing to SAR include establishment of physical barriers 

by cell wall lignification, expression of pathogenesis related (PR) proteins exhibiting anti-microbial 

and anti-fungal properties, and generation of chemical signals such as salicylic (SA) acid and 

jasmonic acid (JA) that induce expression of SAR related genes systemically (Sticher et al. 1997). 

HR does not appear to be a requirement for virus resistance in all plants. Race specific resistance to 

potato virus X (PVX) resistance for example relies on expression of a specific resistance gene that 

prevents expression of the viral polyprotein without HR occurring (Ellis et al. 2000).  

Race specific resistance, also referred to as ‘gene for gene’ resistance, is induced by genes 

products with specificity for a particular pathogen. This concept is based on the observation that 
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disease resistance in plants commonly requires two complementary genes: an avirulence (Avr) gene 

in the pathogen and a matching resistance (R) gene in the plant (Van der Biezen and Jones 1998). 

Although demonstrated that pathogen resistance is dependant on the R-gene, direct interactions 

between the R-gene and Avr proteins have yet to be demonstrated (Romeis et al. 1999; Zhang et al. 

1999; Van Der Biezen and Jones 1998; Martin 1999). Evidence of localisation of at least one R-

protein (RPM1) to the plasma membrane suggests a role in detecting incoming Avr proteins (Boyes 

et al. 1998). It is theorised that interaction between the Avr and R proteins initiates a signalling 

cascade that leads to expression of pathogenesis related genes (Romeis 2001). Based on similarity 

of R-gene motifs it is thought these pathways involve similar or at least compatible downstream 

components (Martin 1999). 

 

0.5.4 Post transcriptional gene silencing  

 

Post transcriptional gene silencing (PTGS) is one mechanism of race specific resistance to plant 

viruses which is becoming well characterised. PTGS induces RNA silencing through the targeted 

degradation of specific RNA sequences. Formation of double stranded (ds) RNA duplexes between 

the target sequence and cytoplasmic RNA’s initiate PTGS, and are targeted for degradation 

(Vaucheret et al. 2001). This process is ubiquitous for the regulation of normal gene expression in 

plants (Meins et al. 2005), and requires a high degree of sequence homology between the gene or 

element under regulation and the complementary cytoplasmic RNA (Wassenegger et al. 1998; 

Caplen et al. 2000; Meins 2000; Waterhouse 2001b; Voinnet 2001). Infection by RNA viruses 

similarly induces PTGS. Plant encoded RNA dependant RNA polymerases (RdRP’s) detect and 

amplify viral RNA template complementary to the virus forming dsRNA’s which are detected by 

the plant and degraded (Figure 0.5.1; Waterhouse 2001a, b). Small 21 and 23 nucleotide fragments 

produced by this process are thought to perpetuate the sequence specific degradation and act as a 

systemic signal. Salicylic acid also appears to have a role in post transcriptional gene silencing 

(PTGS), by increasing activity of RdRP’s, suggesting linkage of race specific and non-race specific 

responses (Xie et al. 2001).  

Some viral encoded genes are demonstrated to compromise resistance by inhibiting PTGS. 

The potyviral protein HC-Pro interferes with the intracellular mechanism of RNA degradation, and 

protein 2b of the cucumber mosaic virus prevents intracellular systemic signalling (Vance and 

Vaucheret 2001; Waterhouse 2001b; Ji and Ding 2001). Protein 2b also inactivates salicylic acid 
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production (Miller et al. 2001; Ji and Ding 2001), further implicating interaction between SAR and 

PTGS. Similar proteins have been identified for other plant viruses, many of which were previously 

regarded as essential for viral pathogenicity (Voinnett 2001). Secondary infection of transgenic 

plants with a separate virus of low homology to the transgenic viral inserts can also re-instate the 

susceptible phenotype presumably by inactivating PTGS (Voinnett 2001; Mallory et al. 2001).  

 

0.5.5 Role of protein kinases in plant defence responses 

 

Research to date indicates that specific pathogen recognition is determined by resistance (R) 

proteins containing either a protein kinase domain or a leucine rich region (LRR) (Martin et al. 

1999). Several protein kinases have been implicated as R proteins in response to plant pathogens. A 

well studied example is the Pto resistance gene, an intracellular serine/ threonine kinase conferring 

specific resistance to Pseudomonas syringae in tomato following the gene-for-gene model (Martin 

et al. 1993). Several membrane bound protein kinase R genes have also been characterised in 

plants. The Xa21 gene from Oryza sativa encodes a receptor like kinase (RLK) with an intracellular 

serine/ threonine active phosphorylation domain, a transmembrane domain  

 

 

and a extracellular C terminal LLR domain (Romeis 2001), which confers specific resistance to 

Figure 0.5.1. Proposed mechanism of specific 

RNA degradation by PTGS in the plant cell 

(Waterhouse 2001a). Yellow and green 

molecules represent dsRNA sensitive plant 

encoded exonucleases, which degrade the RNA, 

the products of this perpetuate PTGS of viral 

ssRNA. 
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bacterial leaf blight (Song et al. 1995). Non-race specific resistance is conferred by the FLS2 – 

serine/ threonine RLK gene from Arabidopsis thaliana, following extracellular interaction with 

flagellin peptides (Romeis 2001). In the cases described the resistant phenotype was dependant on 

kinase activity of the R-gene, implicating the involvement of these proteins in triggering 

downstream signalling events in the resistance cascade. Although no protein kinase has been 

demonstrated to be involved in viral pathogen detection to date, a serine/ threonine RLK was 

recently isolated as a candidate resistance gene for Sugar cane mosaic virus (SCMV) from maize 

following differential expression analysis (Shi et al. 2005). This kinase showed homology to the 

Xa21 binding protein kinase 3 from rice, which is involved in pathogen detection, and mapped to a 

known SCMV resistance locus scmv1 (Shi et al. 2005). Another receptor like protein kinase from 

soybean and tomato was shown to interact closely with a nuclear shuttle protein from Tomato 

golden mosaic virus (TGMV) and Tomato crinkle leaf yellow virus (TCrLYV) (Mariano et al. 

2004). 

Following pathogen recognition, signalling events become initiated that involve changes in 

ion fluxes, production of reactive oxygen species, synthesis of signalling molecules such as salicylic 

and jasmonic acid, and activations of a variety of protein kinases. These signals result in changes in 

gene transcription, localised hypersensitive response often observed as necrotic lesions, production 

of antimicrobial compounds, formation of cell wall barriers, activation of systemic acquired 

resistance and RNA silencing (Romeis 2001). Protein kinases are thought to be intrinsically 

involved in these signal cascades. So far only a few protein kinases have been analysed in the 

context of viral and bacterial pathogen resistances (Romeis 2001), though a general search of the 

literature shows that many more kinases have been characterised for non-viral resistances. Some 

downstream kinases involved in virus resistances are discussed here. 

Several protein kinases have been characterised and shown to be involved in the Tobacco 

mosaic virus (TMV) resistance response. These include proteins from the mitogen activated protein 

kinase (MAPK) family, many of which are serine/ threonine kinases, and are well characterised as 

the major signalling components downstream of receptors in yeast and animal cells (Zhang and 

Klessing 2001). The MAP Kinase signalling cascade is complex, and large gene families exist for 

the MAPKKK, MAPKK and MAPK levels of the phosphorylation cascade (Romeis 2001). The 

basic assembly of the cascade is a three kinase module where a MAP Kinase (MAPK), at the end of 

the cascade, is activated by phosphorylation mediated by a MAPK Kinase (MAPKK), which is in 

turn activated by a MAPKK Kinase (MAPKKK) (Zhang and Klessing 2001).  
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The NPK1 gene, a candidate MAPKKK homologue from tobacco, was shown to be 

necessary for TMV resistance, as virus induced silencing of this gene compromised N-gene 

mediated resistance in tobacco (Jin et al. 2002). Two MAPKK’s from tobacco, coded by the 

NtMEK2 and NtMEK1 genes (Kim and Zhang 2004; Liu et al. 2004), have also been implicated in 

TMV resistance. Through gene silencing experiments, NtMEK1 was shown to be a requirement for 

TMV resistance with resistance attenuated in plants where the gene was down regulated (Liu et al. 

2004). NtMEK2 was also shown to be involved in TMV resistance by inducing resistance following 

expression in transgenic tobacco plants, resulting in expression of an array of defence related genes, 

including WRKY transcription factors and pathogenesis related genes (Kim and Zhang 2004). This 

protein was also shown to be the upstream activator of expression of SIPK and WIPK, two well 

characterised tobacco stress-responsive MAPK’s. Both WIPK and SIPK are known to be activated 

in response to TMV, and WIPK has been shown to be regulated by the tobacco N-gene, with WIPK 

activation falling upstream of salicylic acid production (Zhang et al 1998). An active receptor like 

protein kinase (RLK) in tobacco, WRK, was shown to be induced early in the N-gene dependant 

HR. Expression of this protein was high in leaves exposed to the virus prior to formation of necrotic 

lesions, but low in plants not containing the N-gene (Ito et al. 2002), suggesting a role in the TMV 

defence signalling  cascade. 

Gene silencing of the candidate MAPKKK NPK1 was also shown to compromise resistance 

conferred by the Rx gene against potato virus X (PVX) (Jin et al. 2002). Interestingly this gene also 

appeared to be necessary for resistance to bacterial spot disease (BS2), indicating the activity of this 

MAPKKK for both viral and non-viral disease resistance pathways. Due to its position in the 

signalling pathway, the candidate MAPKKK may be activated by signals from multiple R-

protein/Avr complexes (N, Rx, BS2 and others) serving as an activator of multiple pathways for 

which specificity increase along the cascade.  

Resistance to SCMV has recently been shown through differential expression analysis to 

involve an adenosine protein kinase, which was mapped to the known SCMV resistance locus 

scmv2 in maize (Shi et al. 2005). Adenosine protein kinases have previously been implicated as 

involved in plant disease resistance in association with HR and RNA silencing (Hao et al. 2003; 

Whitham et al. 2003) 
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Figure 0.5.2. Protein kinases involved in defence related signalling for both viral and non-viral pathogens. Not all proteins presented in the review are 

present in this diagram. Protein kinases involved in pathogen detection were identified by PK superscript. Gene-for-gene interactions (elliptical R-gene 

product and circular Avr protein), non-race specific elicitation (rectangular receptor and square elicitor product), resistance to virulent pathogens at 

different signalling levels in different systems include tobacco (red), tomato (orange), alfalfa (blue), parsley (yellow), rice (brown) and Arabidopsis 

(green). Diagram taken from Romeis 2001.  
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Introduction 
 
Wild relatives of modern crop species represent a rich source of valuable traits can be utilised for 

the improvement of elite cultivated varieties. The genetic diversity within wild populations is 

considerably greater than among cultivated types, as these have usually been derived from a small 

number of ancestors selected intensively over generations (Hawkes, 1977; Vaughan, 1989). 

Valuable traits may have been inadvertently lost due to an association with agronomically inferior 

traits, which face heavy negative selection pressure during cultivation. Consequently, the existing 

breeding pool for many crops, particularly self pollinating species like some varieties of C. papaya, 

contain a small fraction of the potential genetic variation (Patterson et al. 1991).  Simply inherited 

monogenic traits such as disease resistance, and multigenic quantitative traits including yield, 

tolerance to environmental conditions, harvest cycle and biochemical composition have been 

introduced into cultivated varieties from exotic germplasm (Allen 1994).   

Traditionally this germplasm is accessed via hybridisation of cultivated varieties with 

genetically distant relatives. This approach has several disadvantages that warrant consideration 

when planning hybridisation experiments. Firstly, incompatibility of wild and domesticated species 

with each other can affect the success of interspecific and intergeneric hybridisations (Burnham 

1962; Lawrence 1971; Zamir and Tadmore 1986). This may result in abortion of immature 

embryos, poor development of the endosperm, poor vigour of the offspring, genetic off types 

resulting from loss of whole or partial chromosomes during hybrid meiosis, and infertility of the 

hybrid progeny. Thus, the relatedness of the species in question will affect the efficiency of 

breeding experiments. Secondly, hybridisation introduces genes conferring both desirable and 

undesirable traits. For example, genes that are important to survival in their natural environment, 

can reduce productivity in agriculture (Paterson et al. 1991; Stephens 1961; Harlan 1976), and 

superior genotypes have to be selected from the breeding population.   

In light of these limitations, it is desirable to improve the efficiency of trait introgression 

through other means. Availability of genetic information on major traits, minor traits and their 

interactions can improve the efficiency and likelihood of achieving an end product with the desired 

attributes (Allen 1994). An improved understanding of trait genetics via analysis of trait heredity 

can direct selection of the best breeding materials, assist in the design of effective breeding 

strategies, or population structures, and allow clearer interpretation of hybrid phenotypes. Molecular 

genetic mapping can follow on from heredity analyses, leading to the development of genetic 

markers that will assist selection of the desired trait in individuals through successive back crossing 

to eliminate undesirable “wild” genes.  
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Vasconcellea species are wild relatives of papaya (Carica papaya L.), and confer many 

valuable traits which could be exploited for the improvement of papaya via intergeneric 

hybridisation (Drew et al. 1998; Manshardt and Wenslaff 1989b). A trait of particular interest is 

specific resistance to the papaya ringspot virus type P (PRSV-P), which is a serious disease of 

papaya. Resistance to PRSV-P has been identified in four Vasconcellea species: V. 

cundinamarcensis, V. quercifolia, V. stipulata and V. cauliflora (Manshardt and Wenslaff 1989b).  

In contrast, no natural resistance to PRSV-P has been identified in domesticated papaya to date. 

Resistance to several other diseases that affect papaya have also been identified in the Vasconcellea 

gene pool, as well as several traits of agronomic and ornamental importance (Drew et al. 1998).  

Attempts have been made to transfer these traits into papaya via traditional breeding 

(Manshardt and Wenslaff 1989a, b; Magdalita et al. 1997a; Drew et al. 1998), however 

incompatibilities arising from genetic divergence of the genera has impeded this process. 

Consequently successful hybridisation with papaya has only been possible for a limited number of 

Vasconcellea species (Manshardt and Wenslaff 1987; Manshardt and Wenslaff 1989b;  Drew et al. 

1998). In many cases only small numbers of hybrid offspring were obtained, and infertility and poor 

vigour of the intergeneric hybrids limited their application in further breeding programs. The extent 

of these effects does vary depending on the parent combination and reciprocation (Sawant 1958; 

Burnham 1962; Zamir and Tadmore 1986). In vitro embryo rescue techniques have assisted in 

overcoming intergeneric fertility barriers between papaya and some of the Vasconcellea species 

(Manshardt and Wenslaff 1989a,b; Magdalita et al. 1997a; Drew et al. 1998). Successful 

intergeneric hybridisations have been achieved between C. papaya and V. quercifolia A. St - Hil., 

V. cundimarcensis V.M. Badillo., V. parviflora A. DC., V. cauliflora (Jacq.)  A. DC. and V. 

gouditiana (Tr. et Pl) Solms (Manshardt & Wenslaff 1989a, b; Magdalita et. al. 1997; Drew et al. 

1998). Importantly, PRSV-P resistance has been introduced into hybrids of C. papaya with V. 

cauliflora (Manshardt and Wenslaff 1987; Magdalita et al. 1997a), V. cundinamarcensis 

(Manshardt and Wenslaff 1987; Drew et al. 1998) and V. quercifolia (Drew et al. 1998) via 

intergeneric hybridisation, indicating that the PRSV-P resistant phenotype is heritable.  

Little is known about the genes regulating PRSV-P resistance in Vasconcellea. 

Investigation of the genetic architecture of PRSV-P resistance will provide information that will 

assist gene transfer by improving intergeneric hybridisation strategies and through the development 

of molecular tools assist selection of resistant genotypes. Interpretation of PRSV-P resistance 

segregation in F1 intergeneric hybrids of V. quercifolia, V. cundinamarcensis (Drew, unpublished 

results; Drew et al. 1998) and V. cauliflora (Magdalita et al. 1997a) points to the existence of 

several genetic sources for PRSV-P resistance in the Vasconcellea gene pool. Resistance conferred  
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by V. quercifolia appears to be controlled by multiple genes with co-dominance (Drew, unpublished 

results; Drew et al. 1998), whereas a lack of F1 segregation suggests that V. cauliflora and V. 

cundinamarcensis carry a single dominant gene for this trait (Manshardt and Wenslaff 1987; 

Magdalita et al. 1997a). Therefore, further examination of PRSV-P resistance heredity using large 

segregating F2 or back cross populations is required to verify the number and nature of genes 

involved.  

Large intergeneric populations required for analysis of trait segregation have been difficult 

to establish due to genetic incompatibility of Carica papaya and Vasconcellea spp. As a result, 

analysis of PRSV-P resistance heredity will be most practically achieved using interspecific hybrids 

of PRSV-P resistant and susceptible species of Vasconcellea. Intraspecific reproductive barriers are 

significantly weaker than those between Carica and Vasconcellea. Sexual compatibility of several 

Vasconcellea species has been demonstrated (Sawant 1958; Horovitz and Jimenez 1967; Badillo 

1971; Mekako and Nakasone 1975; Drew et al. 1998), and experimental interspecific hybridisation 

has been achieved between V. gouditiana and V. monoica (Warmke et al. 1954; Sawant 1958); V. 

cundinamarcensis and V. monoica (Sawant 1958); V. gouditiana and V. cauliflora (PRSV-P 

resistant; Sawant 1958); V. monoica  and V. cauliflora  (PRSV-P resistant; Sawant 1958); V. 

cauliflora (PRSV-P resistant) and V. monoica  (Sawant 1958); V. cundinamarcensis (PRSV-P 

resistant) and V. parviflora (Drew et al. 1998) and V. goudotiana and V. parviflora (Drew et al. 

1998). In most cases hybrid fruit set, fertility, seed number and seed viability are reduced when 

compared to the parent genotypes, resulting from genetic incompatibility. Natural hybridisations 

have been posed as an explanation for a large number of unclassified Vasconcellea specimens 

identified in Ecuador (Van Droogenbroeck et al. 2004). The sterile hybrid ‘babaco’ or V. x 

heilbornii (V.M. Badillo) V. M Badillo, for example is also thought to have arisen via hybridisation 

of V. cundinamarcensis and V. stipulata in areas where species distributions overlap (Van 

Droogenbroeck et al 2002).  

An F2 interspecific hybrid population of V. cundinamarcensis and V. parviflora was 

applied in this study. This population is the only successful experimental cross achieved between 

these species to date (Drew et al. 1998), and as such presents a unique opportunity to study heredity 

of disease resistance and other agronomically important traits conferred by the parents. The aim of 

this study was to evaluate heredity of PRSV-P resistance donated from V. cundinamarcensis in the 

F2 population. Based on the segregation of the resistant phenotype, several models for genetic 

control of PRSV-P resistance in V. cundinamarcensis are predicted, and include dominant 

monogenic resistance and possibly multigeneic tolerance. Genetic stability of this wide cross was 

estimated by assessing segregation ratios for several morphological markers in the F2, and by 
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assessing traits such as pollen viability that are associated with genetic instability. Genetic models 

were also predicted for morphological traits that segregated in the F2 population. 
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Methods and Materials 

 

1.1 F2 Interspecific hybrid population 

 

An F2 interspecific population developed from a cross of PRSV-P resistant Vasconcellea 

cundinamarcensis (maternal parent) and PRSV-P susceptible V. parviflora (Figure 1.1) was 

employed for the study of inheritance of the resistant character and other selected morphological 

traits.  

 

1.1.1 Vasconcellea  parents 

  

Vasconcellea cundinamarcensis V.M Badillo (Badillo 2000; Figure 1.1 a, b) are essentially 

pubescent, with fine hairs covering the stem and petioles.  Plants are typically dioecious, with 

white/ green flowers. Stems and petioles are green, and leaf blades broadly and palmately divided 

into 5 to 7 deep lobes with between 4 to 6 sub-lobes and 5 to 7 major veins.  This parent is resistant 

to Australian strains of PRSV-P and exhibited cold tolerance (Drew et al. 1998).  

 

V. parviflora A. DC. (Badillo 1983; Figure 1.1 c, d) exhibited pink shading of the petiole, lower 

peduncle, leaf veins, stems and flowers, which are considered to be of ornamental value (Drew et 

al. 1998). Plants are dioecious, and deciduous in winter. The leaves contain 5 major veins and are 

either sub-orbicular, or divided into 3 shallow lobes. The stem and petiole are smooth in texture. 

This parent exhibits resistance to Phytoplasma (papaya dieback) but not PRSV-P (Drew et al. 

1998).  
 

1.1.2 F1 hybrids 

 

The original cross, performed by Drew et al. (1998), produced seventeen F1 plants (Table A1.3),  

which were maintained in a netted field enclosure at the Queensland Department of Primary 

Industries (QDPI) research station (27o S, 153o E) prior to this study. The original plants used in the 

cross were not available for analysis, however several representatives of each species were grown at 

a separate field site at Redlands, Queensland (27o S, 153o E), and at Griffith University, Nathan, 

Queensland (27o S, 153o E). All F1 plants were previously determined to be PRSV-P resistant (Drew 

et al. 1998). F1 plants exhibited gynodioecious behaviour, and male plants produced many 

hermaphrodite flowers (Drew et al. 1998).  
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Figure 1.1. Representatives of V. parviflora 

a) and V. cundinamarcensis c)  from field 

plantings at Redlands, Department of 

Primary Industries Queensland. Leaf shapes 

and size, flower size and colour, male and 

female inflorescence morphology are 

presented in plates b) and d) for V. 

parviflora and V. cundinamarcensis 

respectively. Presence of lobes and sublobes 

are indicated. Photos courtesy of Rod Drew. 

Leaf lobes and sublobes are indicated by red 

and blue arrows respectively.   

 

a) 

c) 

b) 

d) 
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1.1.3 F2 hybrids 

  

Two hundred and forty nine F2 individuals were germinated from F1 seed following open 

pollination of the F1 generation. Seedlings were divided into 17 sub-populations dependant on the 

F1 tree from which seed were collected. The interspecific population structure, shown in Figure 1.2, 

was collected over successive seasons,  spanning 5 years, since only a few seeds were obtained per 

F1 fruit. Mature seeds were excised from approximately 90 day-old fruits. The outer integument of 

the seed was removed prior to desiccation, and seed of each F1 parent was stored separately in 

sealed plastic bags, or in polycarbonate containers at 4oC. F2 seed were germinated in seedling trays 

and maintained in a mixture of 7:3 peatmoss to perlite at a constant 25°C in a temperature-

controlled glasshouse at the QDPI Redlands research station. The young plants were transferred to 

100mm pots containing a mixture of 1:1:1 peat moss, perlite and sand supplemented with 

commercial fertilizer at 50g per 10 liters of potting mix (Osmocote). At 6 months of age F2 plants 

were transferred to a shade house at Griffith University (Figure 1.3), where they were maintained 

for the remainder of the trial, which spanned approximately 3 years. Plants were re-potted into 

200mm and 400mm pots at 8 and 32 months respectively. Outside temperatures ranged from a 

minimum of 3°C to a maximum of 43.2°C during this period (Australian Bureau of Meteorology 

2004). Pollen viability was tested in a few flowering individuals by staining pollen from each 

sample with 2% w/v acetocarmine in 1:1 acid: glycerol solution (Marks 1954) and using optical 

microscopy to check for round, well-stained pollen grains. 

 

 
  Figure 1.2. Interspecific population structure 
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Figure 1.3. F2 screening trial at Griffith University. a) and c)  healthy F2 progeny following 

transfer from QDPI Redlands research station and re-potting at Griffith University, prior to 

exposure to PRSV-P. b) F2 plants re-potted in 400mm pots, November 2004. 

 
 
 

a 

b c 
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1.1.4 Tissue culture of Vasconcellea species and their hybrids 
 
 
F2 plants and representatives of the wild species were established in in vitro culture. This permitted 

multiplication and conservation of plant materials, which represent a valuable resource for the 

future analysis of disease resistance genes and other traits for the improvement of Carica papaya. A 

realistic application for these plants may be as a model for candidate resistance gene expression 

studies.  

 
1.1.4.1 Aseptic shoot tip culture 
 
 
Up to 20 shoot tips were cut from ca. 10 cm from the apex from each sub-population. Tips were 

collected in the same way from Parents, F1 and F2 plants in the field and glass house. In the 

laboratory, shoot tips were further dissected to 2 cm lengths with side shoots removed (Figure 1.4 a) 

and soaked in a solution of 0.1% sodium hypochlorite for 5 min according to Drew (1988). 

Alternatively tips were soaked in a 1% solution of benzalkonium chloride. Following sterilisation, 

tips were rinsed in sterilised distilled water, and a 5 mm thick section of the cut end excised to 

remove tissue damaged during sterilisation. Sterile tips were transferred to 30 ml Corex culture 

tubes (Figure 1.4 b) containing 10 ml of shoot induction medium (De Fossard #3 minerals, De 

Fossard #6 vitamins, 1µM naphthalene acetic acid (NAA), 1.0 µM benzyl amino purine (BAP), 2% 

sucrose (w/v), 10 µM riffampicin, pH 5.65; Drew 1988). Tubes were sealed with parafilm and 

transferred to a roller drum (Figure 1.4 c) at 25oC in an artificial 16 hr light regime with a 

photosynthetic photon flux (PPF) of 20µmolm−2 s−1 for 3 days. Shoots were then transferred to 

hormone free single shoot medium (SSM; De Fossard #3 minerals, De Fossard #6 vitamins, 2% 

sucrose (w/v), 0.8% agar (w/v), pH 5.65; Drew 1992) in polycarbonate tubes for 5 days under the 

same light/temperature regime. Tips were rotated through these two treatments until roots were 

observed after which plants were left on SSM.  

 
1.1.4.2 Embryo rescue 

 

Seventy to 90 day old fruits were sterilised for 5 minutes in a 0.1% sodium hypochlorite solution. 

F2 Seed was extracted from the seed cavity of the fruits in a lamina flow cabinet. Using a dissection 

microscope, embryos were excised under sterile conditions by cutting the seed at the opposite end 

to the point of attachment, approximately a quarter of its length in from the end, perpendicular to 

the main ridge (Figure 1.5 b). Lightly squeezing the seed at the base using sterile forceps forced the 

embryo to slide out of the endosperm. The embryo was placed onto embryo  induction medium  
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Figure 1.4. Stages of F2 shoot tip culture. a) dissected sterilised apical shoot sections, b) Corex 

culture tubes with shoot induction medium and, c) roller drum apparatus.  

 
 
(EIM; De Fossard #2  minerals, De Fossard #5 vitamins, 0.25 µM BAP, 0.25 µM NAA, 10 µM 

gibberellic acid (GA3), 2% sucrose, 0.7% DIFCO agar, pH 5.65; Magdalita et al. 1996) in 4cm 

sterile transparent plastic petrie dishes, with the radicle and base of the cotyledon immersed. Plates 

were sealed and cultured in an artificial 16 hr photo period (PPF = 20µmolm−2 s−1) at a constant 

temperature of 25oC. Germinated embryos were transferred to hormone free SSM (Figure 1.5 a) in 

polycarbonate single shoot tubes approximately 1 week after excision to induce growth of in vitro 

plants. Plants were maintained in the same artificial light/ temperature regime during this period.  

After ca. 2 months, in vitro plants were removed from culture, dissected under sterile conditions 

into nodal sections, and transferred to node induction medium (NIM; De Fossard #3 minerals, De 

Fossard #6 vitamins, 0.5 µM NAA, 0.5 µM BAP, 2% sucrose (w/v), 0.8% DIFCO agar (w/v), pH 

5.65; Drew 1992) in sterile polycarbonate culture flasks. Cultures were grown under the same   

 

 

Figure 1.5. a) in vitro plantlets of V. cundinamarcensis (1), V. parviflora (2) and F2 hybrid (3) on 

SSM; nodal sections of V. cundinamarcensis (4) on NIM. b) line of dissection for extracting hybrid 

embryos. 

a) b) c) 
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artificial light/ temperature regime during this period. New shoots emerging from the nodal lateral 

meristems were excised, transferred to root induction medium (RIM; De Fossard #2 minerals, De 

Fossard #5 vitamins, 10 µM IBA, 2%, sucrose, 0.7% DIFCO agar, pH 5.65; Drew 1992) in 

polycarbonate culture flasks for 3 days (Figure 1.5 a) and then transferred to hormone free SSM to 

allow growth of in vitro plants. The multiplication cycle was repeated every three months. 

 

1.2 Screening F2 plants for PRSV-P resistance   

 

1.2.1  Source of inoculum 

 

The virus isolate used in this study was an Australian strain of PRSV-P collected from infected C. 

papaya plants growing at the QDPI Redlands  research station in January 2002. Virus isolates were 

propagated in C. papaya at Griffith University, and freeze dried samples of the original infected 

leaves were stored at 4°C in ‘snap-lock’ plastic bags or 100 ml Schott bottles.  

 

1.2.2 Test sites and control plant materials 

 

1.2.2.1 Control material 

 

Representatives of the parents (V. cundinamarcensis and V. parviflora) were germinated from seed 

at Griffith University. This seed was kindly supplied by Dr Francis Zee of the HILO germplasm 

repository, Hawaii. Carica papaya was used as the PRSV-P positive control for inoculations 

(Chandler, Qld; Figure 1.6) and was purchased as seedlings from Hawkins Nursery. A summary of 

the control species is presented in Table 1.1. 

 

 

 

                                 

 

 

 

Table 1.1. Control materials used for inoculation experiments 
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1.2.2.2 Test sites 

 

Inoculation of F2 plants and controls was conducted at Griffith University, Nathan, QLD. This 

location was isolated from other sources of PRSV-P by a natural barrier of native forest surrounding 

the university placing the site within several km of nearest residences and approx 20 km from the 

nearest commercial plantations. The natural vector of the virus (aphid) was not detected at the site 

for the duration of the study, as determined using a commercially available adhesive insect 

attracting tape. This eliminated the chance of infection of the F2 population with a second PRSV-P 

strain. Nineteen putatively resistant F2 plants were removed from Griffith University to a field site 

12 months after the first inoculation, where the virus and its natural vector were both present. 

Resistant plants were alternated with uninfected C. papaya controls in the field. A large number of 

infected C. papaya plants already growing on the site provided a source of PRSV-P. This field site 

was located in Cleveland, Queensland (27o S, 153o E), on a private farm owned by Graham Murray.  

 

1.2.3 Inoculations with PRSV-P 

 

A total of 246 F2 individuals (Table A1.1), 10 replicates of C. papaya and 6 replicates of both V. 

cundinamarcensis and V. parviflora were manually exposed to PRSV-P. Three additional F2 

hybrids and one C. papaya plant were not inoculated. These were maintained in a PRSV-P free 

location and used as a source of healthy sap for serological tests. Inoculum was prepared by 

homogenising fresh PRSV-P infected papaya leaves (collected from the crown) in cold 0.1 M 

potassium phosphate buffer (pH 7.4) with 0.1% (w/v) sodium sulphite. The ratio of tissue to buffer 

used was approximately 1:10 (w/v). The 0.1 M phosphate buffer was prepared without sodium 

Figure 1.6.  Susceptible C. papaya control plants alongside F2 

plants during PRSV-P screening trials. 
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sulphite to avoid oxidisation, and stored at 4ºC up to 2 months before use. Inoculum was applied by 

gently rubbing by gloved hands onto carborundum-dusted leaves. The second or third true leaves of 

F2 individuals, parents and papaya controls were inoculated in each case. Excess carborandum was 

removed by gently rinsing the inoculated area with tap water. Inoculation was repeated for all test 

and control plants at 2 week intervals for 6 weeks, followed by monthly inoculations for an 

additional 6 months. Eleven months after the first inoculation the stem of each F2 plant was cut 

back to the first or second node to promote lateral growth. In February 2003, 12 months after the 

initial inoculation, 19 symptom free plants were randomly selected and transferred to the PRSV-P 

infected field site in Cleveland (Table A1.1).   

 

1.2.4 Measuring PRSV-P infection 

 

A three tiered screening process was applied to the F2 population to ensure accurate selection of 

susceptible and resistant individuals. This process involved examining symptom development  and 

detecting the PRSV-P coat protein (CP) by Enzyme Linked Immunosorbent Assay (ELISA), and 

detecting viral CP RNA by Reverse Transcriptase - Polymerase Chain Reaction (RT-PCR). Those 

F2 plants in which PRSV-P was not detected using this system were considered to be resistant. 

 

1.2.4.1 Symptom evaluation 

 

Plants were monitored closely for the first six months following inoculation for development of 

symptoms characteristic of PRSV-P, such as light green and yellow mottling and translucent 

appearance of leaves, ringspots on fruit and water soaked lesions on stems and petioles. Ring spots 

could not be used as a measure of infection in this population since few plants produced fruit 

because of limited insect facilitated pollination. The population was reassessed at approximately 6 

month intervals over 28 months and the individual plants rated according to symptom severity. To 

account for significant variation in the extent of symptom development in the F2 hybrids, a rating 

system was developed which graded plants on symptom severity. Following this system, PRSV-P 

symptoms were graded on a scale of 0 – 5 where; 0 = non-symptomatic, 1= isolated necrotic 

patches and vein clearing, 2= evenly distributed mosaic, 3= moderate mosaic and chlorosis, 4= 

severe mosaic and chlorosis and, 5= severe mosaic, chlorosis and leaf distortions. The symptom 

rating for each plant was based on an average assessment of several leaves taken from the crown. 
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1.2.4.2 Detection of viral CP by Enzyme Linked Immunosorbent Assay (ELISA) 

 

The conditions for Enzyme Linked Immunosorbent Assay (ELISA) were first optimised for 

detection of PRSV-P. Three components of the ELISA test were optimised: the type of ELISA test, 

the type of virus extraction buffer and the effect of storing prepared extracts at -80oC.  

 

1.2.4.2.1 Comparison of two types of ELISA for PRSV-P detection 

 

The sensitivity of the double antibody sandwich (DAS; Mowat & Dawson 1987) and plate-trapped 

antibody (PTA; Mowat & Dawson 1987) types of ELISA were compared for detection of PRSV-P 

in hybrid sap. Plant materials used in this trial are presented in Table 1.2. Infected sap was extracted 

from susceptible C. papaya x V. quercifolia hybrids growing under infectious conditions. All leaves 

that were used as a source of PRSV-P had exhibited pronounced symptoms. Healthy sap was 

extracted from uninfected C. papaya plants grown at Griffith University. ELISA experiments were 

conducted in the plant pathology laboratories of the QDPI research station, Indooroopilly.  

 

 

Table 1.2. Plant material used for comparison of DAS and PTA ELISA  

Plant material Condition Sample type Location grown 

Hybrid 1 (100054) PRSV-P infected Test QDPI, Redlands 

Hybrid 2 (100054.1) PRSV-P infected Test QDPI, Redlands 

Hybrid 3 (100053) PRSV-P infected Test QDPI, Redlands 

Hybrid 4 (100066) PRSV-P infected Test QDPI, Redlands 

Hybrid 5 (100071) PRSV-P infected Test QDPI, Redlands 

C. papaya Healthy Control Griffith University 

 

 

1.2.4.2.2 Preparation of sap extracts  

 

Virus particles were extracted from the sap of healthy and infected leaves using two methods of 

mechanical homogenisation of plant tissue in an extraction buffer. Using an industrial sap extractor 

(MEKU Erich, Pollähne G.m.b.H), fresh leaves were fed into a pair of rollers and sap was collected, 

from the tip of the roller unit, in a 1.5 ml polyethylene centrifuge tube. In a new tube, sap was 

diluted 1/10 (v/v) in PBS-T-PVP (0.05% Tween 20, A% Polyvinylpyrrolidone in 1x PBS; for DAS-

ELISA) or 1/20 in carbonate coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6; for PTA-
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ELISA).  A medium size leaf generally gave sufficient sap for all ELISA tests. Alternatively, leaf 

tissue was completely homogenised 1/10 (v/v) in PBS-T-PVP extraction buffer (for DAS-ELISA) 

or 1/20 (v/v) in carbonate coating buffer (for PTA-ELISA) using a small mortar and pestle. The 

homogenate was transferred to a clean 1.5 ml centrifuge tube using a wide bore 1 ml pipette. 

Extracts were stored on ice or at 4oC for up to 12 hours before testing.  

 

1.2.4.2.3 DAS-ELISA 

 

All ELISA reaction volumes were 100 µl and incubations were conducted at room temperature 

unless otherwise stated. Sanofi PRSV antiserum (Bio-Rad) diluted 1/400 (v/v) in carbonate coating 

buffer was applied to the wells on the inside rows and columns of a clear microtitre plate (NUNC 

maxisorp. The plate was covered and left to incubate for 3 hr. Antisera was discarded and sample 

wells were washed 3 times with cold PBS-T (0.05% Tween-20 in 1x Phosphate Buffered Saline). 

Excess PBS-T was removed by blotting the plate face down on a wad of paper towel. Sap extracts 

diluted 1/10 (v/v) in PBS-T-PVP (Polyvinylpyrrolidone) were applied in duplicate to the microtitre 

plate which was sealed and incubated for 3 hr. Plates were washed with PBS-T as previously 

described. Bound PRSV coat protein was detected using a Sanofi PRSV-AP (alkaline phosphatase) 

antibody conjugate (Bio-Rad) diluted 1/400 (v/v)  in PBS-T, which was applied to the antibody 

coated wells and incubated for 3 hr. Plates were washed with PBS-T as previously described. 

Diethanolamine substrate buffer (9.7% v/v Diethanolamine, pH 9.8) containing 1 mg/ml p-

Nitrophenylphosphate (NPP) was subsequently applied to each well. Plates were incubated, and 

conversion of NPP by AP was measured from absorbance at 405 nm after 30 min, 2 hrs and 17 hr 

post addition of the substrate, using a spectrophotometric plate reader (Dynatech MR7000). Final 

sample absorbance at 405 nm was taken as the mean of the difference between the blank well 

reading and the raw absorbance reading for duplicate samples.   

 

1.2.4.2.4 PTA-ELISA 

 

All ELISA reaction volumes were 100 µl and incubations were conducted at room temperature 

unless otherwise stated. Sample sap extracts diluted 1/20 in carbonate coating buffer were applied 

in duplicate to the inside rows of a clear microtitre plate, and incubated for 3 hr. Plates were washed 

with PBS-T as previously described for DAS-ELISA. Bound virus particles were detected using  

rabbit anti PRSV-HA antisera, kindly supplied by the Queensland University of Technology (QUT). 

Antisera was diluted 1/1000 (v/v) with a solution of healthy papaya sap, diluted 1/30 in PBS-T as a 

blocking agent. This mixture was pre-incubated for 20 min before applying to the microtitre plate 
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and incubated for 1.5 hr. Plates were washed with PBS-T as previously described. A 1/30000 (v/v) 

dilution of goat anti rabbit (GAP) – AP conjugate (kindly supplied by QUT) in PBS-T was applied 

to each well and incubated for 3 hr at room temperature. Conversion of NPP was measured as 

described for DAS-ELISA.  

 

1.2.4.2.5 Microtitre plate setup 

 

Ninety six well microtitre plates (Nunc-maxisorp) were used for all ELISA tests. The following 

template was used in each case (Figure 1.7), where rows A and H and columns 1 and 12 were left 

empty, to eliminate edge effects on absorbance. Test and control samples were loaded into wells 2 

to 11 of rows B, C and D. Duplicate samples were loaded into the corresponding wells in rows E, F 

and G. Sap was not applied to columns 9 to 11 of rows D and G that were treated with buffer and 

antibody only and used to normalise for back ground absorption.  

 

 

            

 

 

1.2.4.2.6 Comparison of extraction buffer and sample storage 

 

The effect of extraction buffer on DAS-ELISA absorbance of PRSV-P infected samples was tested. 

Plant materials used in this trial are presented in Table 1.3. Infected sap was extracted from young 

leaves of randomly selected C. papaya plants growing under infectious conditions. Leaves were 

harvested from infected plants exhibiting strong symptoms of PRSV-P. Sap extracts were prepared 

for 11 individuals using two buffers, PBS-T-PVP and PE (0.06 M KH2PO4, 0.19 M K2HPO4, 0.1 M 

EDTA, pH 7.4; Gonsalves & Ishii 1980) according to section 1.2.4.2.2. Double antibody sandwich 

ELISA was conducted for 22 test extracts, 11 for each buffer, a healthy and infected control as 

described in section 1.2.4.2.3. The effect of freezing on the diluted extracts in PE buffer at -80oC 

Figure 1.7. Microtitre plate layout used 

for ELISA. Wells marked x were left 

empty. Blank wells were treated with 

buffer and antibody only, marked B. 

Plate depicted incubating with duplicate 

sap dilutions applied to wells.  

   1   2    3   4    5    6   7    8   9   10  11 12 
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was also examined. Samples prepared in PE buffer were transferred from ice to -80oC and stored for 

10 days. Samples were thawed slowly on ice, and DAS-ELISA repeated using the same conditions. 

 

 

Table1.3. Carica papaya material used for comparison of extraction buffer 

and freezing using DAS-ELISA 

 

 

 

 

 

 

1.2.4.2.7 Screening the F2 hybrid population 

 

Virus coat protein was detected in the exposed F2 intraspecific hybrids using DAS-ELISA with PE 

extraction buffer as described in part 1.2.4.2.3. Two independent trials were conducted.  

 

Trial 1: Four months after the first inoculation took place (May 2002), a preliminary trial 

examining 10 PRSV-P infected and 10 healthy F2 hybrids was performed to assess whether the 

DAS-ELISA method would be suitable for discriminating between PRSV-P infected and healthy F2 

individuals as demonstrated for C. papaya. Plant materials used in this trial are presented in Table 

1.4.  

 

Trial 2: Approximately 7 months later (Dec 2002) 246 F2 plants, including the 20 screened in the 

preliminary trial, were tested using the same method. A complete inventory of F2 plant materials 

used in this trial is presented in Table A1.1. Controls for infected papaya, healthy papaya and 

healthy F2 were prepared for each 96 well plate. Absorbance (A405) for the F2 and papaya healthy 

controls were used to normalise the absorbance data from different plates and allow direct 

comparison of absorbances for samples on different plates. In the second trial, sap extracts were 

stored at -80oC for up to 1 month prior to ELISA testing. 

 

 

 

 

 

n Condition Sample type Location grown 

11 PRSV-P infected Test QDPI, Redlands 

1 PRSV-P infected Control Griffith University 

1 Healthy Control Griffith University 
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Table 1.4. Plant materials grown at Griffith University used for 

screening the F2 Vasconcellea hybrids  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.4.3 Detection of viral CP by RT-PCR 

 
Total nucleic acid (TNA) was extracted from the second or third youngest true leaves using a 

Cetyltrimethlyammonium bromide (CTAB) based extraction method following Delaporta et al. 

(1983) with minor modifications. Following this method tissue was ground in CTAB buffer at room 

temperature in a 1:10 ratio with 1% N-lauryl sarkosine and 1% polyvinylpyrrolidone (PVP). 

F2 individual Condition Sample type 

L16-15 PRSV-P infected Test 

L15-07 PRSV-P infected Test 

L16-02A PRSV-P infected Test 

L08-15 PRSV-P infected Test 

L17-19 PRSV-P infected Test 

L17-1A PRSV-P infected Test 

L15-17 PRSV-P infected Test 

L17-05 PRSV-P infected Test 

L01-11 PRSV-P infected Test 

L01-10 PRSV-P infected Test 

L08-08 Healthy Test 

L12-23 Healthy Test 

L17-19A Healthy Test 

L16-14 Healthy Test 

L15-25 Healthy Test 

L13-14 Healthy Test 

L14-11 Healthy Test 

L02-02 Healthy Test 

L17-15 Healthy Test 

L12-01 Healthy Test 

C. papaya  PRSV-P infected Control 

F2 hybrid (Vasconcellea) Healthy Control 

C. papaya (clone 2.001) Healthy Control 
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Diethylpyrocarbonate (DEPC; Sigma-Aldrich) treated solutions were used at all stages of extraction 

and cDNA synthesis to inhibit RNase enzyme activity. A primer set was designed based on the CP 

sequence of an Australian isolate of  PRSV-P which was previously characterised by Dale and 

colleagues (1996). The 21 and 22 base pair oligonucleotide sequences (Geneworks) were named 

PCP - Reverse [3’ CCATACCTGCCGTCACAATCA 5’] and PCP - Forward [5’ 

GAGAAGTGGTATGAGGGAGGTG 3’]. Reverse transcriptase polymerase chain reaction (RT-

PCR) conditions were modelled on the experiments of Hung et al. (2001).   

First strand synthesis was conducted using Superscript II reverse transcriptase (Invitrogen) 

under the following conditions according to the manufacturer’s instructions. In a 20 µl reaction, 50 

units of Superscript II was combined with 1 x first strand buffer (Invitrogen), 10 mM 

dithiothreitol (DTT), 0.5 mM of each dNTPs, 0.2 µM reverse CP specific primer (PCP-R) and 5ul 

of TNA extract. PCR reactions were carried out in 20µl with 0.2 units of Taq DNA polymerase 

(Fermentas), 1 x PCR buffer, 2.5 mM MgCl2, 0.2 mM dNTPs 0.2 µM forward and reverse 

primers and 2 µl of cDNA template. Standard PCR cycle conditions were used with annealing 

temperature set at 55°C. PCR products were resolved on 1.0% agarose gels in 1 x TAE buffer (0.04 

M Tris, 0.02 M NaOAc, and 0.002 M Na2EDTA).  

 

1.3 Analysis of morphological marker inheritance 

 

1.3.1 Plant material 

 

The same F2 interspecific population developed from a cross between PRSV-P resistant 

Vasconcellea cundinamarcensis (maternal parent) and PRSV-P susceptible V. parviflora was 

employed to study inheritance of selected morphological traits, which was used to measure genetic 

stability of the hybrids.  

 

1.3.2 Assessment of heredity of morphological markers  

 

Heredity of nine morphological markers was assessed. F2 individuals were scored for traits relating 

to leaf shape, texture and colour of stems and petioles that were polymorphic between the parents 

and could be assessed visually. Flower colour and sex, although valuable characters, were not 

scored in the population since few plants produced flowers in the shade house. All traits were 

assumed to be regulated by one or a few genes with large effect since the hybrid phenotypes could 

generally be assigned to discrete categories, i.e. smooth or pubescent texture. Morphological data 
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were collected at two time points, at 16 and 32 months. In total 252 plants were assessed. At 16 

months data for petiole colour (pc), petiole texture (pt), stem colour (sc) and vein colour (vc) was 

collected. Between 174 and 180 individuals were assessed at 32 months for lobe number (ln), 

primary lobe depth (ld), extent of sub-lobes (sn), vein number (vn) and overall appearance (oa). 

Mortality of F2  individuals during the intervening period accounted for reduced plant numbers in 

the second sampling event. 

Qualitative markers for ln, ld, sn, vn, vc, pc and pt were recorded as binomial variables (i.e. 

presence vs. absence of phenotype; Table 1.5). Considerable variation of these traits is observed 

even within the species (Figures 0.1.2 and 0.1.3), so traits were categorised based on phenotypes 

observed in the parents of this population only (Figure 1.1). Overall appearance was graded on a 

scale of 1 to 3, i.e. 1 = like cundinamarcensis, 2 =  like parviflora or 3 = intermediate. Segregation 

ratios predicted for morphological traits are presented in Table 1.6. This model assumes single gene 

regulation and accommodates both dominance and codominance. Since all traits examined were 

polymorphic between the parents the dominant gene model is not viable for parent genotypes AA x 

Aa (Table 1.6).  

 

 

Table 1.5. Binomial categories used to score morphological markers in the F2 

0 1 Trait 

V. cundinamarcensis V. parviflora 

General 

description 

Petiole texture (pt) Pubescent Smooth Variation in extent 
of hairiness was 
observed, that was 
not measured  

Petiole colour (pc) Green Pink 
Vein colour (vc) Green Pink 
Stem colour (sc) Green Pink  

Variation in extent 
of colour was 
observed, that was 
not measured 

Vein number (vn) 5 7 - 
Lobe number (ln) 5 - 7 leaf lobes 0 – 3 leaf lobes Major sections of 

the leaf blade 
containing a main 
vein 

Lobe depth (ld) Deep Shallow or sub-
orbicular 

- 

Extent of sub-lobes (sn) Prominent Discrete or missing Minor section of 
the leaf blade that 
appends the leaf 
lobe 
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Table 1.6. Predicted segregation ratios for morphological markers in the F2 

Viable 
parent 

genotypes 

Possible F1 
genotypes 

Possible F2 
genotypes 

F2 ratio for 
phenotype if single 

dominant gene* 

F2 ratio for phenotype 
if alleles have additive 

effects 

AA x aa Aa (100%) AA (25%) 
Aa (50%) 
aa (25%) 

1:3 1:2:1 

AA (100%) - 1:0 
AA (50%) 
Aa (50%) 

- 1:1 
AA x Aa AA (50%) 

Aa (50%) 
 

AA (25%) 
Aa (50%) 
aa (25%) 

- 1:2:1 

aa (100%) 1:0 1:0 
aa (50%) 
Aa (50%) 

1:1 1:1 
Aa x aa Aa (50%) 

aa (50%) 
 

aa (25%) 
Aa (50%) 
AA (25%) 

1:3 
 

1:2:1 

* The single dominant gene scenario is not viable for parent genotypes AA x Aa 
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Results 

 

1.4 Determining heredity of PRSV-P resistance (from V. cundinamarcensis) 

 

1.4.1 Establishing interspecific hybrids 

 

1.4.1.1 F2 Hybrid population 

 

A total of 353 seeds were collected from seventeen F1 individuals growing in an insect proof 

enclosure over several seasons preceding this work. Approximately 71% of seed germinated, giving  

249 F2 individuals. Female trees, which did not produce hermaphrodite flowers, produced on 

average a smaller quantity of F2 progeny compared to the male trees (Appendix 1.0, Table A1.3). 

Plants VL01 to VL11, which were all female or of undetermined sex, produced 7 ± 6.5 F2 plants 

per tree whereas the 6 male trees produced 29 ± 13 F2 plants per tree. The proportion of F2 plants 

generated from the four male F1 plants VL17, VL15, VL14 and VL12 accounted for greater than 

56% of the total seed collected from 17 plants. The seed producing capacity of F1 plants was 

significantly reduced compared to both Vasconcellea parents. Most fruits harvested contained 

between 1-5 seed, and in many cases did not contain embryos. Lack of proper endosperm 

development was evident in a large number of seeds without embryos. Instead of endosperm, a 

clear mucous like substance, possibly degraded carbohydrate, was found in the seed. Small 

translucent partly developed seeds were observed in the seed cavity of most F1 fruits.  

 

F2 plants were vigorous, with seedlings and mature plants growing well in both the glasshouse and 

shade house. A small number of off-types were observed. These plants exhibited deformed (strap-

like) leaf morphologies early in development (Figure 1.8), however this phenotype was not 

observed in mature plants. Plants grew most vigorously through September to March, but did not 

defoliate during winter.  From the small number of plants that did produce flowers it appeared that 

plants were dioecious, though hermaphrodite flowers were observed on male plants as in the F1. 

Fertility of F2 plants appeared to be reduced compared to V. cundinamarcensis and V. parviflora. 

Pollen  was detected on male flowers although pollen was not visible on the anthers (Figure 1.9 b), 

aceto carmine staining revealed pollen grains with irregular, rather than round, morphology (Figure 

1.9 i), suggesting reduced viability. Morphology of female flowers, male inflorescence, anther and 

stigma was normal (Figure 1.9 b-f). 
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Figure 1.9. a) male C. papaya anther, b) F2 male anther, c) F2 female stigma, plates d), e) and f), 

female F2 flowers, plates g) and h), F2 male flowers, i) acetocarmine stained F2 (L17-02) pollen. 

 
 
 
 

Figure 1.8. F2 morphological off-

type with strap-like leaves 

observed in L12-24 Within the first 

year of planting. Images taken 

prior to exposure of plants to 

PRSV-P.   

i) a) b) 

c) d) e) 

g) h) f) 

♂ 
 

♂ 
 

♂ 
 

♂ 
 

♀ ♀ ♀ 

♀ 
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1.4.1.2 Tissue culture of Vasconcellea species and their hybrids 
 
 
Plants from 10 seed of both V. cundinamarcensis and V. parviflora were introduced into in vitro 

culture following embryo rescue and multiplied.  A small number of F2 individuals, from lines L2 

(5 plants), L3 (2 plants), L15 (10 plants) and  L16 (8 plants) were established. Due to the small 

quantity of seed collected from F1 plants during this period a larger collection was not possible. 

Attempts to transfer parental, F1 and F2 material from the field into culture via the roller drum 

method were unsuccessful. This was primarily due to fungal contamination of the shoot cultures, 

which could not be eliminated by treatment with sodium hypochlorite,  benzalkonium chloride or 

riffampicin.  

 
 
1.4.2 Screening the F2 population for PRSV-P resistance 
 
 
1.4.2.1 Symptom evaluation  
 

Symptoms of PRSV-P were observed in V. parviflora and a proportion of the hybrid F2 plants that 

had been exposed to the virus, but not in V. cundinamarcensis (Table 1.7 & 1.9). The mean 

symptom score for 6 V. parviflora replicates was 3.5 ± 0 (Table 1.7). A continuous variation in 

symptom response was observed in the susceptible individuals, and severity of this phenotype 

varied between seasons  (Figure 1.10, Table A1.1). Figure 1.10 depicts examples of the 6 symptom 

classes where: a = 0, b = 1, c = 2, d = 3, e = 4 and f = 5. The frequency distribution of mean 

symptom scores for susceptible F2 plants, based on the 1 - 5 grading scale, closely resembled a 

normal distribution with a mean symptom score of 2.6 ± 0.9 (Figure 1.11). The predicted normal 

distribution for this data set (superimposed) closely correlates with the cumulative count for the 8 

defined categories in the histogram. The Kolmogorov-Smirnov one sample test (Chakravarti et al. 

1967) indicated that symptom variation adhered to a normal distribution (n = 57, Z = 0.53, P < 

0.05). Since symptoms for F2 individuals L15-17 and L17-35 were not graded using the 1-5 scale 

(Table A1.1), they were omitted from the normality calculations. F2 symptoms generally ranged 

within the parental phenotypes 0 and 3.5, though 10% of individuals exhibited more extreme 

symptoms than V. parviflora. F2 symptom onset was generally slow compared to papaya, with only 

a few plants developing symptoms in the first month, when all papaya controls developed 

symptoms. Within 10 months of the first inoculation, only 26 F2 plants exhibited leaf mottling 

characteristic of PRSV-P infection (Table A1.1). An additional 25 plants developed symptoms in 

the regenerative growth following pruning. 
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Table 1.7. Summary of symptom evaluation in wild species, hybrids and papaya 

Species n Exhibiting 
symptoms 

Exhibiting 
symptoms 

Net Symptom Scoreβ 
  0        1            2           3           4           5 

V. cundinamarcensis 6 6 - 6 - - - - - 

V. parviflora  6 - 6 - - - 6 - - 

F1 Hybridsα 17 17 - 17 - - - - - 

F2 Hybrids  246 187 59* 18
7 

13 25 15 4 - 

C. papaya 10 - 10 - - - 10 - - 

Symptoms were initially observed but not graded using the 1-5 scale for 2 plants. α F1 phenotypes 

were determined by Drew et al. (1998). β based on 4 sampling events.       

 

 

 

 

 
 

Figure 1.10.  Representative sample of healthy and PRSV-P infected F2 interspecific hybrids of V. 

cundinamarcensis and V. parviflora. a) Healthy F2, b) to f) PRSV-P infected F2 g) PRSV-P infected 

papaya. 
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Over the following 18 months, 8 additional plants were identified with symptoms of PRSV-P 

(Table A1.1). Of the 19 putatively resistant plants transferred to the field, all resisted infection after 

12 months, whereas all field controls became infected.  Symptoms characteristic of PRSV-P were 

observed in 23.9% of plants in the shade house 28 months  post inoculation. The number of 

susceptible to resistant F2 hybrids based on formation of symptoms fitted a 1:3 ratio (χ = 0.14, P < 

0.05). Segregation of the resistant phenotype in the four largest F2 sub-populations (L12, L14, L15 

and L17) also adhered to a 1:3 ratio for susceptibility : resistance (Table 1.11).  

 

1.4.2.2 Detection of viral CP by ELISA 

 

1.4.2.2.1 Optimisation of ELISA tests 

 

Both forms of ELISA permitted accurate discrimination of PRSV-P infected and non-infected 

plants when compared to the healthy papaya controls. For PTA-ELISA, the A405 nm absorbances for 

 

 

 

 

Figure 1.11. Frequency distribution 

for PRSV-P symptom variation 

observed in the F2 progeny. Progeny 

are divided into 8 different categories 

from 1 to 4.5.  
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PRSV-P infected and healthy plants ranged between 0.221 – 1.113 and 0.046 – 0.062  respectively 

(Table 1.8). For DAS-ELISA, the A405 nm absorbances for PRSV-P infected and uninfected papaya 

ranged between 0.093 – 0.253 and 0.042 – 0.053 respectively (Table 1.8). Although the range of 

absorbances observed for infected samples did not overlap with the healthy range using either 

method, statistical testing for analysis of variance (ANOVA) indicated that healthy and infected 

absorbances were not significantly different (F = 2.17, P < 0.05; Table 1.8). However, in each case 

the infected sample absorbances did exceed the susceptibility threshold (mean plus three standard 

deviations of the uninfected control for PTA (A405 = 0.025) and DAS (A405 = 0.056) ELISA, 

meaning that both tests could be used to determine PRSV-P infection (Figure 1.12). The threshold 

value in each case was calculated from the healthy papaya control. This cut-off point had been 

previously applied by Thomas and Dodman (1993) to determined PRSV-P infection in papaya 

using PTA and biotin/streptavidin indirect ELISAs. Although the mean PTA-ELISA titre (0.488) 

for infected samples was higher than the mean DAS-ELISA titre (0.166; Table 1.8), one way 

ANOVA indicated that these two methods did not produce significantly different absorbances in 

infected plants (F = 0.80, P < 0.05; Table 1.8). As all ELISA absorbances for infected samples 

exceeded the susceptibility threshold either method should be suitable for PRSV-P screening. 

Commercial availability of the PRSV antibodies (Sanofi - BioRad) meant that DAS-ELISA was the 

preferred method for large scale testing in the F2 population. Reproducibility of DAS-ELISA was 

greater than PTA-ELISA as shown by smaller standard deviations for duplicate readings and 

absorbance means (Figure 1.12; Table 1.8), supporting the selection of DAS-ELISA for screening 

the F2 progeny. The use of PE buffer in place of PBS-T-PVP markedly increased absorbances for 

infected individuals using DAS-ELISA compared to the negative controls (Figure 1.13). The mean 

absorbance for PRSV-P infected papaya samples prepared in PE buffer, based on individual sample 

means, was 0.547 (±0.164), compared to 0.169 (±0.084) for those prepared in PBS. This represents 

a three fold increase in absorbance when PE buffer is used for this strain of PRSV-P. Comparison of 

these methods by ANOVA indicate a significant difference in absorbances for the two treatments (F 

= 6.82, P < 0.05; Table 1.8). Although absorbance readings obtained using PE buffer were 

consistently higher than PBS buffer, a reduction in the reproducibility when using PE buffer was 

observed, shown by increased standard deviations for these samples (Figure 1.13, samples 1-7 and 

9-11; Table 1.8). Absorbances for the papaya positive control in PBS buffer in this experiment 

(0.317; Figure 1.13) was 2.6 fold greater than that observed in the first DAS-ELISA test. 
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Table 1.8. Summary of results of one way ANOVA for comparison of ELISA absorbances  

Method Compared groups Plant material n A405 Mean  F Score F critical score Significant 

Healthy  Healthy back-cross 
hybrid 

2 0.027 (±0.002) 1)  DAS-ELISA 

Infected Infected back-cross 
hybrid 

5 0.166 (±0.064) 

2.17 6.60* 

4.06** 

 

Healthy Healthy back-cross 
hybrid 

2 0.028 (±0.0126) 2)  PTA-ELISA 

Infected Infected back-cross 
hybrid 

5 0.488 (±0.319) 

2.79 6.60* 

4.06** 

No 

PTA-ELISA  Infected back-cross 
hybrid 

5 0.488 (±0.319) 3)  ELISA (PBS 
buffer) 

DAS-ELISA Infected back-cross 
hybrid 

5 0.166 (±0.064) 

0.80 4.96* 

3.28** 

No 

PE buffer Infected C. papaya 11 0.547 (±0.164) 4)  DAS ELISA  

PBS buffer Infected C. papaya 11 0.169 (±0.084) 

6.82 4.30* 

2.95** 
P < 0.05 

Healthy (summer)  Healthy F2 hybrid 187 1.157 (±4.47) 5)  DAS-ELISA (PE 
buffer) 

Infected (summer) Infected F2 hybrid 59 3.219 (±7.66) 

6.44 3.84* 

2.71** 
P < 0.05 

Healthy (winter) Healthy F2 hybrid 10 0.005 (±0.005) 6)  DAS ELISA (PE 
buffer)  Infected (winter) Infected F2 hybrid 10 0.188 (±0.251) 

1.27 4.41* 

3.01** 

No 

Winter  Infected F2 hybrid 10 0.188 (±2.39) 7)  DAS ELISA (PE 
buffer)  Summer  Infected F2 hybrid 10 0.107 (±1.90) 

3.648 4.41* 

3.01** 
P < 0.1 

Healthy C.papaya 
control (summer) 

Healthy C. papaya 11 0.042 (±0.046) 8)  DAS ELISA (PE 
buffer)  

Healthy  F2 control 
(summer) 

Healthy F2 11 0.007 (±0.015) 

2.26 

 

4.35* 

2.97** 

No 

 

Winter  Infected C. papaya 
control 

6 0.369 (±0.213) 9)  DAS ELISA (PE 
buffer) 

Summer  Infected C. papaya 
control 

10 3.123 (±0.464) 

9.09 4.76* 

3.10** 
P < 0.05 

Nine comparisons ELISA absorbances were conducted using ANOVA. F critical scores for ANOVA are presented for the P < 

0.05* and P < 0.1** level of statistical significance. The number of independent readings taken per group (n) ranged from 2 – 

187. 
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1.4.2.2.2 Screening the F2 hybrid population 

 

From the preliminary trial of 20 F2 plants (10 susceptible and 10 resistant plants) conducted in May 

2002, it appeared  that DAS-ELISA using the PE buffer would be suitable for detection of PRSV-P 

in the hybrid. Individual ELISA absorbances were based on duplicate readings. Although ANOVA 

indicated no significant difference between healthy and infected F2 absorbances (F=1.27, P < 0.05; 

Table 1.8), mean absorbances for susceptible individuals all exceeded the susceptibility threshold 

(A405 = 0.02; Figure 1.15), which was calculated from the mean absorbance for 10 healthy 

individuals. 

The absorbance obtained for F2 symptomatic samples (0.188 ± 0.251) was markedly lower 

than the absorbance for C. papaya infected samples in the previous trial (0.547± 0.164; Figure 

1.13). All absorbances, except for L01-11, fell below those obtained for the infected papaya control  

(A405 = 0.4 ± 0.14; Figure 1.15). The absorbance for healthy F2 plants (A405 = 0.005 ± 0.005) also 

fell below the mean absorbance for the healthy papaya control (A405 = 0.0675 ±0.0045).  

When DAS-ELISA (using PE buffer) was applied to the F2 population in December 2002 

to January 2003, reliable discrimination between PRSV-P infected and healthy F2 interspecific 

hybrids was not achieved. ELISA values for symptomatic plants fell below the susceptibility 

threshold (A405 = 0.059) in 60% of cases (Table 1.9, Table A1.1). In addition, 17% of healthy plants 

recorded ELISA absorbances that exceeded the threshold for infection (Table 1.9, Table A1.1). The 

mean ELISA absorbance (as a percentage of the positive control absorbance) for symptomatic 

plants (A405 = 3.22±7.66) was found to be significantly greater (F = 6.44, P < 0.05) than the mean 

ELISA absorbance for healthy plants (A4051.16±4.47; Figure 1.14; Table 1.8). Variations in ELISA 

absorbance were observed between individuals from the healthy and symptomatic cohorts, and this 

is illustrated by the large standard error for these two groups (Figure 1.14). Variation between 

background absorbances taken from healthy hybrid and healthy papaya sap extracts in the final 

screening trial were found to be negligible (F = 2.26, P < 0.05; Table 1.8). Enzyme linked 

absorbances for the papaya positive controls recorded in the F2 screening trial (3.123±0.464) were 

however significantly greater than those obtained during optimisation experiments (0.369±0.213, F 

= 9.09, P < 0.05; Table 1.15).  

A general trend for lower virus titres in F2 hybrids compared to C. papaya was observed. 

Ninety one percent of symptomatic F2 hybrids tested in the screening trial (Dec 2002 to Jan 2003) 

had an absorbance that was less than 5% of the infected C. papaya control (Table A1.1). A 

comparison of the ELISA absorbance for 10 symptomatic F2 plants during late autumn (May 2002) 

and summer (Dec 2002 to Jan 2003) revealed a drop in virus titres from winter to summer. 
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Absorbances for 6 of the 10 plants sampled during summer fell below the susceptibility threshold 

(Figure 1.15b) whereas absorbances for all 10 individuals analysed during winter exceeded this 

threshold (Figure 1.15a). Statistical analysis of these two groups of absorbances using ANOVA 

indicated a significant difference (F= 3.65, P < 0.05; Table 1.8).  

 

 

 

 

 

 

Figure 1.13. Effect of PRSV-P extraction buffer and freezing at -80oC on DAS-ELISA 

absorbance is shown. The A405 susceptibility threshold for these samples was 0.06. 

 

Effect of buffer and freezing conditions on DAS-ELISA 
absorbance in papaya 

Figure 1.12. Comparison of 

DAS and PTA-ELISA. The 

susceptibility threshold 

calculated from the healthy 

papaya control was 0.025 

and 0.056 for the DAS and 

PTA methods respectively. 

Y axis absorbance increment 

is 0.5.  
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Figure 1.15. Absorbances for 10 PRSV-P infected F2 progeny following DAS-ELISA with PE 

extraction buffer.  ELISA absorbances for symptomatic plants are compared for two time points, 

winter 2002 a) and summer 2002-2003 b). The susceptibility thresholds for the first time point 

(0.02) was based on the average absorbance for 10 healthy F2 individuals, and for the second time 

point (0.059) from the average absorbance of 12 healthy F2 individuals.  

 

Figure 1.14. Mean ELISA  

absorbances for the infected and 

healthy groups presented as a 

percentage of the relevant 

positive control absorbance. 

Standard errors indicated above 

the respective error bar. 

a) b) 

(3.12 
± 0.46) 
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1.4.2.3 Detection of viral CP by RT-PCR 
 
Amplification of a 450 base pair (bp) stretch of the CP region from cDNA, prepared from the viral 

template, was achieved using a primer set designed from the PRSV-P coat protein (CP) gene 

sequence. When tested on TNA extracted from infected and healthy F2 and papaya plants, the 

PRSV-P primer set amplified a PCR product of the expected size in the infected but not in the 

uninfected leaf samples (Figure 1.16). The PRSV-P CP primers appeared to be specific for the 

PRSV-P CP cDNA under standard PCR conditions, evident from amplification of a single PCR 

product. Replication of this result for duplicate TNA extractions indicated that the reproducibility of 

this method was acceptable (Figure 1.16). Fifty three of the 59 F2 individuals which exhibited 

symptoms, and 22 healthy F2 individuals were screened by RT-PCR for presence of PRSV-P CP 

RNA in the leaf tissue (Table 1.9). This number was smaller than the total number of symptomatic 

plants observed as 3 plants were lost due to root rot (casual agent: Phytopthora) and 2 plants (L14-

09 and L17-16a) were not tested. F2 individual L12-36, which did not exhibit symptoms at the time 

of RT-PCR testing, also contained no PRSV-P CP RNA. However, this individual later developed 

mild symptoms (Table A1.1). Fragments of the expected size were amplified from TNA of the 53 

putatively PRSV-P susceptible plants screened, but not in any of the healthy individuals (Table 1.9). 

In some cases when screening the F2 individuals the resolved PCR products were faint (Figure 

1.17) and in these cases the PCR was repeated to check that this was not a false positive result. 

 

 

 

Figure 1.16. PRSV-P CP DNA amplified following RT-PCR from cDNA of infected F2 (lane 2-3), 

healthy F2 (lane 4-5), infected C. papaya (6-7), healthy C. papaya (lanes 8-9) and plasmid pNS6 

(Talty 1999) containing the PRSV-P CP sequence (lane 10-11) resolved in 1.0% agarose. 1kb DNA 

standard (Invitrogen) (lanes 1 and 12). 

 

1       2        3        4        5       6       7        8        9     10      11    12 
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Figure 1.17. Bands amplified via RT-PCR from symptomatic (lanes 2-7 and 14-17) and 

healthy (lanes 8-13,18-19) F2 hybrids. 1 kb DNA standard (Invitrogen; lanes 1 and 20). 

Products resolved on 1.2% agarose gels. 

 

 

 

 

Table 1.9. Comparison of results for DAS-ELISA, RT-PCR and symptom evaluation  

PRSV-P positive Plant material n Symptoms 
observed     RT-PCR     DAS-ELISA^ 

Mean DAS-ELISA 
absorbance  

V. parviflora 6 6 - - - 

V. cundimarcensis 6 0 - - - 

59 symptomatic 53/55 23/59 0.112 ± 0.284 F2 Hybrids 246 

187 healthy 0/22 32/187 0.037 ± 0.156 

C. papaya 10 10 - 10/10 3.122 ± 0.463 
∧ ELISA absorbance exceeded the susceptibility threshold (0.059). *Determined as resistant after manual 
inoculation in shade house. Data not collected. 
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1.4.3 Determining heredity of morphological markers 

 

The F2 progeny segregated for eight morphological characters examined in this study (for examples 

see Figure 1.18). For some markers, for example petiole texture, the hybrid phenotype clearly 

resembled the parental phenotype (e.g. hairy or smooth petioles). In the case of leaf shape, an 

intermediate morphology was observed. However the leaf lobe number generally fell into one of the 

parental categories. For markers relating to colour of the vein, stem and petiole, considerable 

variation in the depth of colour was observed. Morphological marker inheritance in the F2 is 

presented in Table A1.2. Segregation ratios for traits were assessed both within F2 population sub-

groups and across the whole population. Only the four largest sub-populations were assessed, 

namely L12, L14, L15 and L17. In each case trait segregation adhered to one of the three predicted 

ratios at P < 0.05 (1:0, 1:3 and 1:1; Table 1.10, and 1.11). Variation in marker segregation ratios 

between sub-populations were observed for lobe number, extent of sub-lobes, vein number, petiole 

texture, stem colour and vein colour (Table 1.11). This result implies heterozygosity of trait loci in 

at least one of the Vasconcellea parents. Assuming single gene regulation, variable F2 ratios are 

only permitted where the Vasconcellea parent combination is Aa x aa or AA x Aa (Table 1.5). 

Segregation ratios for the composite population primarily fitted 1:1 or 1:3 (Table 1.10). Marker 

segregation fitting a 1:1 or 1:0 ratio implies heterozygosity of these marker loci in one of the 

Vasconcellea species (Aa x aa or AA x Aa), and consistent 1:3 segregation implies homozygosity of 

the parental alleles (aa x AA) (Table 1.5). Assuming traits are regulated by a single gene, the 

observed ratios imply heterozygosity for all markers examined in the Vasconcellea parents except 

for petiole colour. Petiole colour segregated 1:3 in the composite population and did not vary across 

sub-populations. The overall appearance of the F2 individuals, although very unlikely to be 

regulated by a single gene, closely fitted a ratio of 1:2:1 by the Chi-square test P < 0.05, for V. 

cundinamarcensis “like” : V. parviflora “like” : intermediate (Table 1.10). 
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Table 1.10. Summary of trait segregation in the F2 composite population  

Character Total progeny 
screened 

Observed 
segregation* 

(A:B:C) 

Fits 
ratio 

Chi-square 
test (P < 0.05) 

Matches predicted ratio for 
single gene segregation 

(Table 1.0) 

Lobe number 180 95:85 1:1 0.56 Yes 
Lobe depth 178 99:79 1:1 2.45 Yes 
Extent of sub-lobes 174 85:89 1:1 0.09 Yes 

Main vein number 178 168:10 1:0 0.56 Yes 

Petiole texture 214 111:103 1:1 0.30 Yes 
Petiole colour  214 83:131 1:3 3.03 Yes 

Stem colour 214 44:170 1:3 2.25 Yes 
Vein colour  214 83:131 1:3 3.03 Yes 
Overall appearance 177 71:43:63 2:1:1 0.28 Yes 

* Segregation ratios for characters in the F2 are presented as A:B where A = V. parviflora and B = 
V. cundinamarcensis, C = intermediate. 

 

 
 
 
 

Table 1.11. Comparison of trait segregation ratios in the sub-populations 

Trait Composite 
population 

L12 L14 L15 L17 

Lobe number 1:1 1:1 1:1 1:0 1:1 
Lobe depth 1:1 1:1 1:1 1:1 1:1 
Sub-lobes 1:1 1:1 1:1 0:1 3:1 
Vein number 1:0 1:0 1:0 1:3 1:0 
Petiole texture 1:1 1:1 1:1 1:0 1:1 
Petiole colour 1:3 1:3 1:3 1:3 1:3 
Stem colour 1:3 1:3 1:3 0:1 1:3 
Vein colour 1:3 1:1 1:1 1:3 1:3 
PRSV-P  resistance 1:3 1:3 1:3 1:3 1:3 

 
F2 segregation ratios are presented for V. parviflora : V. cundinamarcensis. Ratios 

were tested using the chi-square test at the P < 0.05 level of statistical significance, 

except for PRSV-P resistance in sub-population L12 which fitted the 1:3 ratio at the 

P < 0.01 level of statistical significance. 
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Figure 1.18. Morphological characters assessed in the F2 interspecific 

population. Examples of different leaf morphologies are a) sub-orbicular, b) 

3 lobes, d) 5 lobes; d) prominent sublobes (blue arrow), a, b) no sub lobes, a) 

5 main veins (yellow arrows), d) 7 main veins (yellow arrows), b) shallow 

lobes, d) deep lobes. Examples of colour and texture traits are c, f) pink vs. 

green stem and petiole colour, e) hairy vs. smooth stem and petiole texture, 

g) pink veins, h) green veins. 

a) 

b) 

c) 

d) 

e) f) 

g) h) 
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Discussion 

 

1.5 Analysis of heredity of PRSV-P resistance  (from V. cundinamarcensis) 

 

1.5.1 The intergeneric population 

 

1.5.1.1 Selection of hybrid material 

 

The decision to apply an F2 population of V. cundinamarcensis and V. parviflora for analysis of 

trait heredity was based on a need for a large population that would segregate stably for the resistant 

phenotype. Analysis of trait heredity in large populations increases the reliability of segregation 

data (Jones et al. 1997). Furthermore, genetic mapping of the resistant phenotype would necessitate 

a population size of at least 100 individuals. Most Carica and Vasconcellea species are considered 

to be genetically incompatible, and hybrid progeny often exhibit post-zygotic instabilities such as 

embryo abortion and infertility of hybrid progeny (Manshardt and Wenslaff 1989a; Manshardt and 

Wenslaff 1989b; Magdalita et al. 1997a; Drew et al. 1998). Sexual incompatibility of C. papaya 

and the strongly, speculatively monogenic, PRSV-P resistant species V. cundinamarcensis and V. 

cauliflora meant that a large hybrid population would be difficult to establish via intergeneric 

hybridisation.  Intergeneric hybrids of V. quercifolia and C. papaya have been established in large 

numbers (Drew et al. 1998). However, segregation of PRSV-P resistance in F1 progeny of V. 

quercifolia, suggesting multigenic inheritance, may have complicated analysis of trait heredity. 

Interspecific hybridisation barriers are less potent and large numbers of plants have been generated 

for interspecific hybrids of some Vasconcellea species (Drew et al. 1998), and naturally occurring 

interspecific hybrids are also reported (Van Droogenbroeck et al. 2004). Interspecific  

Genetic instability of hybrid progeny such as preferential loss of DNA donated from the 

Vasconcellea parent following hybrid meiosis is suggested from inheritance of randomly amplified 

polymorphic DNA (RAPD) and randomly amplified DNA fingerprinting (RAF) markers in 

intergeneric hybrids of C. papaya and V. cauliflora (Magdalita et al. 1997b; Magdalita et al. 1998; 

Dillon et al. 2004) as well as cytological analysis (Magdalita et al. 1997b). Genetic instabilities in 

other wide crosses have been inferred from divergent marker segregation (Luo et al. 2002, 

Schwarz-Sommer et al. 2003), and may result in skewed trait inheritance (Zamir and Tadmore 

1986). Consequently wide crosses are not optimal for analysis of trait heredity or genetic mapping. 

These instabilities are also observed to a lesser extent in interspecific crosses of Caricaceae. In 
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consideration of this, the interspecific hybrid population of V. cundinamarcensis and  V. parviflora 

was selected for analysis of trait heredity.  

 

1.5.1.2 Genetic compatibility of V. cundinamarcensis and V. parviflora 

 

Seed producing capacity and fertility of hybrid offspring can be used to measure parental genome 

compatibility, and in wide crosses these characters are often reduced compared to the parents. These 

reproductive barriers have been detected, to varying degrees, in all inter and intrageneric hybrids of 

Carica and Vasconcellea reported to date (Storey 1968; Manshardt and Wenslaff 1989a; Manshardt 

and Wenslaff 1989b; Drew et al.1998). Although V. cundinamarcensis and V. parviflora were 

shown to be amenable to hybridisation (Drew et al. 1998), an undetermined level of genetic 

instability is observed in the progeny, consistent with hybridisation of genetic diverse species.  

The seed producing capacity of the F1 population was reduced compared to the parents. As 

a result, a composite population arising from 16 different F1 trees was used to obtain sufficient 

numbers for analysis of heredity of PRSV-P resistance and other morphological markers. 

Approximately 350 seeds were collected from 17 F1 individuals, from which 252 plants were 

obtained. Mature F2 seeds of this cross were previously reported to be difficult to germinate (Drew 

et al. 1998). This number of seed is low compared to what we would expect to obtain from a similar 

number of parent plants over the same time period, which can produce in the range of 10-20 (V. 

parviflora) and 30-50 (V. cundinamarcensis) seed per fruit. Post-zygotic instabilities, such as 

disorganised embryo development, embryo abortion and absence of endosperm (Manshardt and 

Wenslaff et al. 1989a and Manshardt and Wenslaff et al. 1989b) have been reported for intergeneric 

hybrids of Carica and Vasconcellea. Similar instabilities may have attributed to reduced seed 

production in the interspecific population, and the gelatinous substance observed in place of 

endosperm in many seeds is consistent with a lack of endosperm development. Pre-zygotic 

instabilities, such as irregular pollen tube penetration and zygote formation are reported to be 

minimal in other wide crosses within Caricaceae (Manshardt and Wenslaff 1989b). However, 

irregular pollen morphology and low quantity of pollen in F2 male flowers suggest some pre-

zygotic instability. Reduced fertility could also account for reduced seed production in these 

hybrids.  

Comparison of the number of seed produced per F1 individual suggested a relationship 

between sex and seed producing capacity (Table A1.3). Within the netted field enclosure, the mesh  

would have significantly restricted wind and insect facilitated pollination. Thus, plants capable of 

self pollination (i.e. male/ hermaphrodite) would be likely to produce more seed than those that 
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relied on cross-fertilisation (i.e. female). This may partially explain the tendency for male plants 

with hermaphrodite flowers to produce larger quantities of seed. This would imply that many of the 

F2 progeny arose through F1 self hybridisation, despite the open pollinating nature of the crossing 

experiment. Therefore, restricted pollination between F1 individuals may also have contributed to 

the reduced number of seeds obtained from these experiments, and not necessarily genetic 

incompatibility.  

 

1.5.2 Screening F2 hybrids for PRSV-P resistance 

 

A three tiered system was applied to determined whether the V. cundinamarcensis  x V. parviflora 

interspecific hybrids were resistant to PRSV-P, involving symptom evaluation, serological and PCR 

based detection of the virus CP. Resistance of 19 F2 plants, initially assessed in the glass house and 

later transferred to a PRSV-P infected field site, confirmed that the manual inoculation technique 

used was suitable for assessing PRSV-P susceptibility. The resistant phenotype was inherited from 

the known PRSV-P resistant species V. cundinamarcensis  (Drew et al. 1998) into approximately 

75% of F2 individuals, based on an absence of symptoms and a lack of viral coat protein RNA in 

leaf sap 24 months after initial exposure (Table A1.1). Resistant individuals appeared to be 

completely immune to the virus, since RT-PCR found no accumulation of viral CP RNA in the 

inoculated leaves. This finding supports earlier reports on the heritability of  immunity to PRSV-P 

resistance in F1 intergeneric hybrids of C. papaya and V. cundinamarcensis (Manshardt and 

Wenslaff 1987). The 1:3 segregation of susceptible to resistant phenotypes in the F2 is indicative of 

a single dominant gene, or a group of tightly linked genes at a single locus, for PRSV-P resistance 

that is homozygous in V. cundinamarcensis. This is further supported by the complete resistance of 

all F1 progenitors, which are assumed to be heterozygous at this locus, containing the PRSV-P 

resistance allele from V. cundinamarcensis and the null, or susceptible, allele from V. parviflora.  

Following this model approximately two thirds of PRSV-P resistant F2 individuals should be 

heterozygotes for the resistance gene. The level of resistance did not vary between resistant 

individuals, supporting strong monogenic control of the resistant phenotype in V. 

cundinamarcensis. The concept of a single gene for PRSV-P is advantageous from a breeding 

perspective, since dilution of multiple genes, and hence the resistance response, via recombination 

and assortment is eliminated.  

Single gene regulation of resistance to plant diseases has been identified in an 

overwhelming number of plant species using classical genetics and molecular genetic mapping 

approaches. A large number of virus resistances characterised to date are conferred by single 

dominant genes, including bean common mosaic potyvirus (BCMV), turnip mosaic virus (TuMV), 
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pepper mottle virus (PepMoV), tomato spotted wilt virus (Tsw) and soybean mosaic virus (SMV) 

(Montesclaros et al. 1997; Ariyarathne et al. 1999; Grube et al. 2000). Several monogenic recessive 

and multigenic resistances have also been identified, such as resistance to pepper mottle mosaic 

virus (PMMV), watermelon mosaic virus (WMV) and lettuce mosaic virus (LMV) (Grummet et al. 

1995; Montesclaros et al. 1997; Murphy et al. 1998). In many cases, putative virus disease 

resistance genes have been shown to cluster with other genes for disease resistance (Yu et al. 1994; 

Fang et al. 1998; Takahashi et al. 2001; Akano et al. 2002). Further analysis of other disease 

resistances identified in this population, such as Black spot, Asperisporium caricae (V. 

cundinamarcensis; Drew et al. 1998) and Die back, Phytoplasma (V. parviflora; Drew et al. 1998), 

may reveal associations with PRSV-P resistance. This could be confirmed by genetic mapping, and 

subsequent development of molecular markers to assist pyramiding multiple disease resistances. 

Few virus resistance genes have been isolated and sequenced. At least two dominant genes, 

N and Rx, which confer resistance to tobacco mosaic virus and potato virus X respectively, belong 

to the nucleotide binding site leucine rich repeat (NBS-LRR) family of disease resistance genes 

(Bendahmane et al. 1999; Dinesh-Kumar et al. 2000b). Although neither of these viruses belongs to 

the Potyviridae, resistance genes have shown to be highly conserved across families for non-viral 

pathogens, and it could be speculated that dominant PRSV-P resistance may belong to the NBS-

LRR family. Candidate gene approaches have implicated NBS-LRR gene involvement in other 

virus resistances (Hayes et al. 2000), and could be applied to check associations of NBS-LRR 

markers with the PRSV-P resistance locus via genetic mapping. Two potyvirus resistance genes, 

RTM1 and RTM2,  have been cloned from Arabidopsis (RTM1 and RTM2; Chisholm et al. 2001; 

Whitham et al. 2000). Both are dominant genes that confer tolerance, rather than complete 

resistance, to TEV by restricting virus movement and exhibit homology to defence related proteins 

containing jacalin repeat units and small heat shock proteins, respectively. 

The continuous variation in symptom extent observed in susceptible individuals suggests 

that tolerance to PRSV-P donated from V. cundinamarcensis may be regulated by quantitative 

genetics. The measured variation in symptom extent adhered to a normal distribution, with F2 

phenotypes generally lying within those of the parents (Figure 1.11).  This pattern implicates the 

possible involvement several recessive genes (QTL) inherited independently to the dominant 

PRSV-P resistance gene. Delay in the onset of symptoms compared to papaya also suggests 

increased tolerance in the susceptible F2 plants. However, comparison of symptom onset was not 

compared to the susceptible parent V. parviflora.  Since V. parviflora exhibits no known resistance 

to PRSV-P, the genes conferring tolerance must have been inherited from V. cundinamarcensis. 

Similar variations in tolerance have been observed against other potyviruses. Montesclaros et al. 

(1997) found that lettuce mosaic potyvirus (LMV) accumulated to different levels in tolerant 
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Lactuca sativa depending on the genetic background of the cultivar, which suggested that several 

genetic loci contributed to the one resistance. Similar responses have been reported against viruses 

in rice, potato, barley and maize  (Ioannidou et al. 2000; Marczewski et al. 2001; Friedt et al. 2003; 

Ioannidou et al. 2003; Yuan et al. 2003). Genetic mapping of the QTL for PRSV-P tolerance with 

respect to the dominant PRSV-P resistant phenotype may confirm whether these pathways share 

similar loci. However, the inability to screen the QTL effect in immune individuals restricts linkage 

analysis of this trait to susceptible plants which represent only one quarter of the population. 

Analysis of heredity of the extent of PRSV-P susceptibility in a larger number of susceptible 

individuals is desirable for further characterisation of the QTL implied in this study.  

 

1.5.3 ELISA and RT-PCR 

 

ELISA was found to be a sensitive method for detection of PRSV-P in C. papaya using both the 

PTA and DAS methods. Alternative use of PE buffer (Gonsalves and Ishii 1980) significantly 

increased the sensitivity of NP-linked detection of PRSV-P coat protein for DAS-ELISA in C. 

papaya, as was previously reported for the biotin-streptavidin indirect ELISA method (Thomas and 

Dodman 1993). Reproducibility was reduced slightly using PE buffer, with duplicate readings 

having a higher standard deviation. However, since all readings clearly exceeded the susceptibility 

threshold, reproducibility was not considered a problem. This method was originally intended to 

specifically detect PRSV-P in the sap of inoculated F2 plants and confirm virus infection in 

conjunction with symptom response. The preliminary trial, which screened 20 F2 hybrids (10 

susceptible and 10 resistant) during winter, indicated that DAS-ELISA was suitable for detection of 

PRSV-P in the susceptible Vasconcellea hybrids. However, ELISA did not permit reliable 

discrimination of PRSV-P infection when applied to 243 F2 individuals during summer. A 

comparison of ELISA absorbances for 10 infected plants measured during winter and summer 

indicated a significant decrease in virus titres for individuals tested during summer. The absence of  

this trend in the C. papaya positive control indicated that the F2 absorbances reported were not the 

result of experimental error or breakdown of antibody specificity.  

The observed decrease in virus titres in the hybrids may be explained by seasonal increase 

in air temperature at the test site. Average daily maximum temperature at the test site during 

summer was 29.2oC whereas it was only 20.6oC during winter (Australian Bureau of Meteorology). 

Cases have been documented where high temperatures (28-32oC) were shown to be inhibitory to 

multiplication of some potyviruses, such as Bean common mosaic virus (BCMV) and Plum pox 

virus (PPV), resulting in lower intracellular virus levels, infectivity and intensity of disease 

(Collmer et al. 2000; Glasa et al. 2003). Recently the effect of temperature on the production of 
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small interfering RNAs in plants challenged with geminiviruses, demonstrated that RNA silencing 

was increased 3 to 6 fold as the temperature was raised from 25°C to 30°C (Chellappan et al. 2005; 

Nelson and Citovsky 2005). This phenomenon might explain the drop in virus titres observed in the 

susceptible plants during summer. Symptoms of PRSV-P are reported to be more severe in cooler 

months (Jensen 1949), however this may not necessarily be linked to virus higher levels (Van Loon 

1983). In contrast, infectivity of some plant viruses such as Cucumber mosaic virus (CMV), 

Tobacco mosaic virus (TMV) and Tomato spotted wilt virus (TSWV), is improved at high 

temperatures (Moury et al. 1998; Valkonen et al. 1999; Boyko et al. 2000; Celebi-Toprak et al. 

2003). Since no decreases in the titres for infected C. papaya were observed in summer, which 

increased 8.5 fold at the second time point (Table 1.8; Figure 1.15), it can be presumed that the 

apparent temperature sensitivity of the virus in the hybrid progeny may result from elevated 

tolerance. Similar reductions in virus titres with increasing host tolerance have been observed 

against other plant viruses. For example, partial resistance to the rice yellow mosaic virus (RYMV), 

regulated by several QTLs, is characterised by lower virus content in inoculated leaves, delayed 

virus detection by ELISA and delays in symptom onset (Ioannidou et al. 2000; Ioannidou et al. 

2003). 

Two-step RT-PCR has previously been shown to be highly sensitive in detecting other plant 

viruses (Hung et al. 2001). Increased sensitivity of PCR compared to ELISA meant that virus RNA 

would be detected in leaves where virus titres fell below levels detectable by ELISA. Since PRSV-P 

CP RNA was not detected in the sap of any resistant plants tested, it is proposed that monogenic 

resistance conferred by V. cundinamarcensis provides complete immunity to the virus, whereby 

resistant plants do not maintain any level of virus in their sap. This result supports a PTSG mediated 

resistance mechanism whereby the viral RNA is targeted for degradation by siRNAs.  

 

1.6 Analysis of heredity of morphological markers 

 

1.6.1 Estimation of genetic stability 

 

Quantification of the level of genetic instability of the interspecific hybrid can be achieved by 

analysing monogenic segregation ratios. The proportion of marker loci deviating from the expected 

monogenic segregation ratios, based on Mendelian rules of inheritance, can be used as a 

quantitative estimate of genetic stability. Distortions ranging between 17 % to 60 % have been 

reported for a large number interspecific hybrids to date (eg. Zamir and Tadmore 1986; Kazan et al. 

1993, Yin et al. 2001, Luo et al. 2002, Schwarz-Sommer et al. 2003). Aberrant segregations are 

also observed to a lesser degree in intraspecific hybrids (eg. 0 to 13 percent; Zamir and Tadmore 
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1986). Unequal segregation of genetic material has been attributed to pre- and post-zygotic 

instabilities such as non-disjunction of chromosomes, improper chromosome pairing during 

meiosis, deletions and substitutions (Burnham 1962; Lawrence 1971). Zamir and Tadmore (1986) 

interpreted unequal segregation as the result of linkage between markers and genes regulating pre- 

and post-zygotic phases of reproduction.  

A preliminary estimate of the genetic stability of the V. cundinamarcensis x V. parviflora 

hybrid was obtained from morphological marker segregation patterns (section 1.4.3). Since this 

population was derived from interspecific hybridisation, some distortions in F2 segregation ratios 

were expected. The level of distortion detected is expected to be proportional to the level of genetic 

instability, which will have important implications for our analysis of disease resistance heredity. 

Segregation ratios for these markers adhered closely to the predicted monogenic segregation ratios, 

presented in Table 1.6, indicating that the genetic material was inherited in this population 

according to Mendelian genetics. Thus, these results indicate that the cross is genetically stable. A 

more thorough examination of genetic stability would be possible using a larger numbers of 

molecular markers.  

 

1.6.2 Elucidation of morphological trait genetics 

 

Segregation ratios observed for phenotypic markers reflect trait genetics. Genotypes for V. 

parviflora and V. cundinamarcensis could be predicted based on segregation ratios using a single 

gene model by referring to Tables 1.6, 1.10 and 1.11. A summary of the genotypes predicted for 

each trait based on segregation ratios is presented in Table 1.12. For a single dominant gene, ratios 

of 1:1 and 1:0 for presence vs. absence in the composite or sub-populations specifically imply 

heterozygosity of the dominant genotype (Aa), in which case the other parent must be recessive 

homozygous (aa; Table 1.6). A 3:1 ratio can occur for either the homozygotic (AA x aa) or 

heterozygotic (Aa x aa) parent genotype combinations (Table 1.6). For a single dominant gene, 

parent combinations with dual heterozygosity (Aa x Aa) are not viable, since the trait would not 

appear polymorphic between the parents. For a single gene with codominance, ratios 1:0 and 1:1 

permit two possible parent combinations, Aa x aa or AA x Aa (Table 1.6). A ratio of 1:3 is not 

permitted if codominance is assumed. For both a single dominant gene and a single gene with 

codominance, variation of segregation ratios between population sub-populations implies 

heterozygosity of one of the parent genotypes (Table 1.10 and 1.11). For a single dominant gene 

only the Aa x aa parent combination will permit such variation (Table 1.6). However, for the single 

gene with codominance, both the Aa x aa and AA x Aa genotype combinations will permit intra 

sub-population segregation ratio variation (Table 1.6). 
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There are several aspects of the population structure which may confuse the interpretation 

of segregation ratios. Firstly, due to the small size of the sub-populations assessed (≤ 43 individuals 

for L12, L14, L15 and L17; Table A1.1), and genetic drift. As a result, sub-population segregation 

ratios may not accurately reflect trait genetics in the parents. Secondly, since the F2 sub-populations 

were generated from open pollination, only the maternal parent is known, and individuals of the 

same sub-population may reflect a mixture of paternal genetic back grounds.  

 

 

Table 1.12. Genotypes predicted for morphological traits based on segregation in the F2  

Trait Single gene 

model 

Genotype P1 P2 Comments 

Dominance Aa x aa Aa aa ln 

Codominance Aa x aa or, 

AA x Aa 

Aa  aa or  

AA 

based on 1 : 0 (V. parviflora : 

V. cundinamarcensis) 

segregation sub-population L15 

Dominance Aa x aa  na na ld 

Codominance AA x Aa or, 

Aa x aa 

na na 

See caption 

Dominance Aa x aa aa Aa sn 

Codominance Aa x aa or, 

AA x Aa 

aa or 

Aa 

 

Aa or  

AA 

based on 1:0 and 1:3 (V 

cundinamarcensis : V. 

parviflora) segregation in sub-

populations L15 and L17 

respectively 

Dominance Aa x aa Aa aa  vn 

Codominance Aa x aa or, 

AA x Aa 

Aa aa or 

AA 

based on 1:3 (V. parviflora : V. 

cundinamarcensis) segregation 

in sub-population L15, and 1: 0 

segregation in the other sub-

populations* 

pt Dominance Aa x aa Aa aa 

 Codominance Aa x aa or, 

AA x Aa 

Aa aa or 

AA 

based on 1: 0 (V. parviflora : V. 

cundinamarcensis) segregation 

of this trait in sub-population 

L15 

Dominance AA x aa AA aa 

Codominance Not viable - - 

pt 

    

based on consistent segregation 

of 1: 3 (V. parviflora : V. 

cundinamarcensis) in all sub-

populations*** 
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Table 1.12. Continued 

Trait Single gene 

model 

Genotype P1 P2 Comments 

Dominance Aa x aa Aa aa sc 

Codominance Not viable - - 

based on consistent segregation 

of 1: 3 (V. parviflora : V. 

cundinamarcensis) in sub-

populations L12, L14 and 

L17**, *** 

Dominance Aa x aa Aa aa vc 

Codominance Not viable - - 

based on 1:3 (V. parviflora : V. 

cundinamarcensis) segregation 

of this trait in sub-populations 

L12 and L14*** 

 
P1 = V. cundinamarcensis. P2 = V. parviflora. na, not possible to determine parent genotypes 

because the trait segregates 1 : 1 across all sub-populations. * Predominance of 1:0 segregation for 

vn across sub-populations implies an elevated frequency of hybridisation between F1 individuals of 

genotype aa. This genotype should account for ca. 50% of F1 individuals, if the predicted parental 

Aa x aa genotype is correct, therefore this is unexpected. ** Referring to Table 1.6, 0 :1 (V. 

parviflora : V. cundinamarcensis) segregation of this trait in sub-population L15 contradicts the 

proposed genotypes, and implies that V. cundinamarcensis is the homozygous recessive genotype. 

Even within sub-populations, it is possible that segregation ratios may be skewed if out-crossing in 

the F1 population is prevalent. For a single gene this will occur if one of the parents is heterozygote, 

and may explain the observed discrepancy in this case.*** The codominance model is not viable in 

this case either because the observed segregation ratios were not predicted for the codominance 

model (Table 1.6). 
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Conclusions 

 

Assessment of hybrid seed production and pollen morphology indicated that F1 and F2 hybrids 

exhibited some genetic instability, which probably resulted from genetic incompatibility of V. 

cundinamarcensis and V. parviflora. However, excellent hybrid vigour suggests that genetic 

instabilities resulting from the interspecific cross were marginal. Inheritance of phenotypic markers 

did not indicate a high level of genetic instability in the F2 population either, as all traits were 

inherited according to mendelian genetics.  

Outcrossing of the population was assumed to be low following analysis of the seed 

producing capacity of F1 plants and their sex, which showed that hermaphrodite plants produced 

the most seed. Assessment of morphological marker segregation indicated that outcrossing between 

F1 parents did take place since all markers, except lobe depth and PRSV-P resistance, exhibited 

variable segregation in the four F2 sub-populations examined. This is supported by the segregation 

of several morphological markers 1:1 or 0:1 for presence vs. absence of the trait. 

This is the first reported study to demonstrate single gene regulation of PRSV-P resistance 

in any Caricaceae species. Analysis of PRSV-P heredity indicated that more than one mechanism 

for PRSV-P resistance may be conferred by V. cundinamarcensis. It is proposed in this chapter that 

immunity and tolerance represent distinct genetic models contributing to PRSV-P resistance. 

Immunity is proposed to be regulated by a single dominant resistance gene, whereas tolerance 

appears to be controlled by several QTLs. This implies the evolution of independent defence related 

mechanisms for the control of PRSV-P in V. cundinamarcensis.  

Apart from being a useful tool for detection of PRSV-P infection, RT-PCR results also 

indicated that viral RNA was not present, even at low levels, in the sap of leaves of PRSV-P 

resistant hybrids. This presents a strong case for immunity in these plants, and implies that 

immunity to PRSV-P in V. cundinamarcensis involves an RNA degradation mechanism.  

As seen for other potyviruses, it is evident that tolerance to PRSV-P in the F2 hybrids 

results in reduced virus titres in susceptible plants, the extent of which may be influenced by 

temperature. Double antibody sandwich (DAS) – ELISA gave significantly higher absorbances, 

corresponding to higher virus titres, for infected C. papaya than for infected F2 hybrids. This is 

consistent with the existence of some mechanism contributing to tolerance in the hybrid. The 

significant drop in virus titres of hybrid leaf sap from winter to summer implies heightened 

temperature sensitivity of PRSV-P in the hybrid, but not in C. papaya.  
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Introduction 

 

Development of medium to high density genetic linkage maps based on molecular markers permit 

mapping of genes and quantitative trait loci (QTLs) of agronomic importance (Jones et al. 1997). 

This process is facilitated by the generation of molecular markers, which are neutral sites of 

variation at the DNA sequence level and are abundant in the genome (Jones et al. 1997). Unlike 

morphological or physiological markers, molecular markers are not necessarily observed in the 

phenotype, and can represent DNA variations occurring in coding or non-coding DNA. 

Furthermore, molecular markers are attractive for genetic mapping because they permit detection of 

whole genomic variation between individuals. Genetic mapping has assisted in the characterisation 

of genes conferring resistance to parasites, viral, fungal and bacterial pathogens (Yu et al. 1994; 

Wilcox et al. 1996; Fang et al. 1998; Murphy et al. 1998; Spielmeyer et al. 1998; Ariyarathne et al. 

1999; Boiteux et al. 2000; Takahashi et al. 2001; Akano et al. 2002; Dahleen et al 2003; Roman et 

al. 2004). 

Variations in genomic location of restriction enzyme sites (RFLP; Restriction Fragment 

Length Polymorphism and AFLP; Amplified Fragment Length Polymorphism), randomly amplified 

fragments by Polymerase Chain Reaction or PCR (RAPD; Randomly Amplified Polymorphic 

DNA, DAF; DNA Amplification Fingerprinting and AFLP), and variable length of repeated DNA 

sequences (microsatellites, SSR’s; Simple Sequence Repeats and VNTR’s;  Variable Number of 

Tandem Repeats) are some of the most commonly utilised molecular marker techniques. A distinct 

advantage of arbitrarily-primed PCR based methods such as RAPD, DAF and AFLP is that no prior 

sequence knowledge is required, therefore these methods are useful in the study of previously 

uncharactersied genomes where genome sequence information is not known. A highly reproducible 

method called Randomly Amplified DNA Fingerprinting (RAF), was recently developed based on 

arbitrarily primed PCR amplification (Waldron et al. 2002). This method was based on the DAF 

protocol, modified to give greater sensitivity by radioactive 33P or fluorescent labeling of amplified 

fragments, separated on large polyacrylamide sequencing gels (Waldron et al. 2002). RAF markers 

typically display dominant inheritance, however a small proportion of markers have also been 

shown to represent highly informative codominant microsatellite loci. This technique has since been 

applied to develop a genetic map of Macadamia (Peace at al. 2002), and for diversity analysis 

among the apomictic fruit tree species Garcinia mangostana (Ramage et al. 2003). 

 Traits to be assigned to a genetic linkage map can be broadly divided into two categories, 

namely those governed by major genes and those controlled by QTLs. Genetic mapping of major 

genes, defined as genes inherited in a Mendelian manner and who’s forms give few qualitatively 
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distinct phenotypes (Jones et al. 1997), is relatively simple and can yield markers that segregate 

closely with the phenotype. Many traits of importance in crop physiology, such as yield or mineral 

tolerance, are observed in segregating populations as a continuous range of behavior between the 

extremes which may even lie outside the mean range of the parents (Jones et al. 1997). Such traits 

are referred to as ‘qualitative traits’. Loci associated with these traits, or QTLs, can be mapped 

using a statistical approach which relies on availability of a high resolution genetic map (≤ 10cM 

between markers) as a reference point. In many ways QTLs are considered less useful that major 

genes for breeding purposes or gene cloning because QTL markers select for a broad chromosomal 

region rather than a specific loci, and weak linkages between marker and the associated gene can be 

disrupted by recombination.  

Genetic mapping has previously been achieved in Carica papaya using RAPD and AFLP 

molecular markers, to which a phenotypic marker for sex has been successfully assigned (Sondur et 

al. 1996; Ma et al. 2004). These maps demonstrate the amenability of Caricaceae species for 

genetic mapping. The Caricaceae have a relatively small genome (372 x 106 bp) compared to other 

important crops such as sorghum, soybean, maize, and wheat which range between 7.35 x 108 

million base pairs (Mb) and 1.7 x 1010 Mb (PLoS 2005). Therefore the genome can be more easily 

saturated with genetic markers. Randomly amplified markers, such as RAPD, AFLP and RAF, are 

suited to application in genomes where no or little sequence information is currently available, and 

are therefore ideal for application in the Vasconcellea species. 

 The development of genetic linkage maps of two Vasconcellea species, V. 

cundinamarcensis and V. parviflora based on inheritance of RAF markers in an F2 interspecific 

hybrid population is presented. These maps are the first to be reported for a Vasconcellea species. 

Segregation of RAF markers was employed to confirm hybridity, evaluate genetic stability of the 

interspecific population and estimate heterozygosity of the parent species’ genomes. Phenotypic 

markers characterised in chapter 1, PRSV-P resistance and several morphological markers, were 

mapped into the discretely assembled parental framework maps. Importantly, the PRSV-P 

resistance gene loci (prsv-1) segregated closely, within 4cM adjacent RAF markers. Interval 

mapping of tolerance measured in the susceptible F2 plants was also conducted, and a statistically 

significant QTL associated with this trait was identified on the same linkage group as prsv-1. These 

maps provide a platform for future genetic study of genes for disease resistances conferred by these 

species, and the development of DNA markers tightly linked to these traits will have potential to 

assist the development of resistant C. papaya cultivars. 
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Materials and Methods 

 

2.1 The mapping population 
 
One hundred interspecific hybrids were selected from the Vasconcellea cundinamarcensis (maternal 

parent) and V. parviflora F2 generation for genetic mapping experiments. This population is 

described in detail in chapter 1.0. The Vasconcellea species examined in this study confer disease 

resistances and other potentially valuable agronomic traits (Drew et al. 1998). Reliable estimates of 

genetic distances can be obtained from populations of this size. The 100 plants were selected from 

three full/part sib families, namely those arising from L12 (36 plants), L15 (21 plants) and L17 (43 

plants). The three F1 maternal parents (L12, L15 and L17), and representatives of the Vasconcellea 

species were also used in the study. Plant materials used for genetic mapping are presented in Table 

A2.1. Throughout this chapter the combined population of 100 plants is referred to as the composite 

population, and the individual full/part sib F2 families are referred to as sub-populations or sub-

groups. 

 

2.2 Randomly amplified DNA fingerprint (RAF) markers  

 

2.2.1 Generation of genetic markers 

 

Genomic DNA was extracted from young leaves according to Delaporta et al, (1983), with minor 

modifications. Fresh or frozen (-80°C) leaf tissue was ground in 1x Cetyltrimethlyammonium 

bromide (CTAB) buffer at room temperature at a 1:10 ratio (w/v) with 1% N-lauryl sarkosine and 

1% polyvinylpyrrolidone (PVP). DNA quality and quantity was determined by agarose gel 

electrophoresis in 0.7% agarose gels with 1x TAE (Tris-Acetate-EDTA). Genomic DNA 

(approximately 25 ηg) was used in a radio-labelling PCR step with α-p33dATP (Easytides, 

PerkinElmer) as described by Waldron et al. (2002). Eleven decamer primers (Table 2.1) were used 

to generate RAF profiles for the two Vasconcellea species, 3 F1 and 100 F2 progeny. Amplified 

fragments were resolved by electrophoresis on 4% polyacrylamide gel, in 1 x TBE buffer following 

the method of Waldron et al. (2002). Radio-labelled products were visualized using the FLA5000 

phosphor imaging system (Fugifilm). Alternatively, Kodak MR film was exposed to the dried 

acrylamide gel for 16-24 hours. The amplified fragments, referred to as bands or markers, were 

named according to their primer and descending position in the RAF profile.  
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Table 2.1. Decamer primers  

Name Primer sequence 5’-3’ 

OPA-05 AGGGGTCTTG 
OPA-11 CAATCGCCGT 

OPA-20 GTTGCGATCC 
OPB-10  CTGCTGGGAC 

OPB-18 CCACAGCAGT 
W-15 ACACCGGAAC 
W-03 GTCCGGAGTG 

BB-18 CAACCGGTCT 
I-08 TTTGCCCGGT 

OPB-08 TGATCCCTGG 

OPK-04 CCGCCCAAAC 

 
 

2.2.2 Analysis of segregation ratios 

 

All markers were assumed to be randomly distributed. Inheritance of RAF markers originating from 

the parents was recorded for two genomic classes, presence (1) or absence (0), in the F1 and F2 

profiles. Duplexes were scored as a single marker unless they were observed to segregate in 

repulsion phase. Segregation data for molecular and phenotypic markers were used for subsequent 

assessment of hybrid genetic stability, confirmation of hybridity of the F2 population and genetic 

linkage analyses. Non-segregating markers were omitted from all linkage calculations, but were 

counted in the total number of markers.  

Marker segregation in the F2 was tested for goodness of fit to the expected segregation 

ratios by chi-square analysis. Two marker genotype combinations were used to determine feasible 

segregation ratios based on Mendelian principles for polymorphic dominant markers, which are 

presented in Table 2.3. The heterozygous (Aa X aa; marker allele present in one parent for one 

allele) and homozygous (AA x aa; marker allele present in one parent for both alleles) marker 

genotype were only considered for polymorphic markers.  In these cases segregation for presence: 

absence in the F2 were 1:1, 0:1 or 3:1, and 3:1 respectively. A chi-square test statistic was 

calculated based on segregation of each marker against the expected ratios (1:1, 0:1 or 1:3), and  

compared to the chi-square critical value at the P < 0.05, 0.01 and 0.005 levels of statistical 

significance. Segregation ratios were determined and tested for both the F2 composite and sub-

populations. In the case of the sub-populations, a subset of only 128 markers out of the total number 

used in genetic mapping experiments, was examined.  



  Chapter 2.0 
 

 
- 97 - 

 

Phenotypic markers were similarly scored across the F2 population. Based on observations 

of segregation for PRSV-P resistance and morphological markers in chapter 1.0, dominance and 

heterozygosity/ homozygosity of the alleles in the Vasconcellea species was predicted (Table 1.0). 

Using this information, presence vs. absence of the dominant allele was scored across the mapping 

population. For example, hairy petiole texture was scored in the F2 since this trait was predicted to 

be regulated by the dominant allele in V. cundinamarcensis. The smooth petiole texture trait 

however was not scored, since this trait was predicted to be regulated by the recessive allele in V. 

parviflora, and thus presence of this allele could not be determined for heterozygotes, due to the 

“dominant” nature of the phenotypic marker. It was necessary to determine which trait from which 

species was conferred by the dominant allele (i.e. smooth or hairy petioles) for all phenotypic 

markers, in order to know into which species the dominant allele should be mapped.  

 

2.2.3 Phylogenetic  analysis  

 

Phylogenetic analysis of  F2 individuals using discrete markers was conducted using PHYLIP 

(Version 3.2), a freely distributed phylogeny inference package (Felsenstein 1989). One hundred 

and thirty RAF markers (only a proportion of the total number of markers generated) were 

examined in 30 F2 individuals, 10 from each of L12 (1-10), L15 (44-53) and L17 (66-75), and two 

Vasconcellea species (V. cundinamarcensis and V. parviflora). The numbers presented in brackets 

represent the identities of the F2 individuals used, from 1-100 (Table A2.1). Phylogenetic analysis 

was conducted using the default settings for five separate programs, Dollop, Penny, Dolpenny, Mix 

and Pars. More information on the details of these programs can be found on the PHYLIP web page 

(http://evolution.genetics.washington.edu/phylip.html). Each program calculates genetic distances 

based on inheritance of discrete markers. The results of these calculations are presented as a 

phylogenetic tree.  

 

2.2.4 Genetic mapping  

 

2.2.4.1 Construction of discrete parental maps 

 

Separate linkage maps for V. cundinamarcensis and V. parviflora were generated by mapping 

polymorphic markers originating from each parent as discrete data sets. The V. cundinamarcensis 

and V. parviflora raw data sets consisted of 96 and 82 markers respectively (Table A2.2). 

Segregation data were converted to the appropriate genotype codes for use with the Mapmaker 
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program (version 3.0b, Lander et al. (1987)). Marker genotype codes were C/A for 

presence/absence of dominant markers originating from V. parviflora, and D/B for 

presence/absence of dominant markers originating from V. cundinamarcensis. Since all markers 

analysed were dominant in nature, the heterozygote symbol (H) was not applied. Pairwise 

comparisons of all RAF markers were performed using the “sequence all” command. Groups were 

defined with a LOD score of 3.0 for V. parviflora and 3.5 for V. cundinamarcensis, and a 

recombination threshold of 40%, using the ‘group’ command. Within groups, marker orders were 

determined at LOD 3.0 using the ‘sequence’ and ‘compare’ commands on a partial set of markers (< 

5). Additional markers were positioned into this sequence using the ‘try’ command according to the 

‘maximum likelihood’ value for each potential position. Final marker order was checked using the 

‘ripple’ test. Genomic map distances were calculated in centimorgans (cM) using the Kosambi 

correction. Maps were drawn using MapChart (Voorrips 2002). 

 

2.2.4.2 Comparing map length with predicted genome size 

 

Two methods were applied to estimate the actual size in cM of the Vasconcellea genome, with 

which our calculated map lengths were compared. Using the method of Sondur et al. (1996), the 

total Vasconcellea genome length in centimorgans was estimated based upon a standard 

chromosome size of 50-150 cM. The second was the ‘method-of-moment’ estimator described by 

Hulbert et al. (1988) and Chakravarti et al. (1991). This method applied a mathematical approach 

which considered the number of chromosomes in the haploid genome (c), the number of markers 

mapped (η), the recombination threshold (d) and the number of pairwise combinations of makers 

which exceeded the LOD threshold (k) (below). Variable k could be calculated from the LOD table 

produced by mapmaker using the “LOD table” command after sequencing all markers.   
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2.2.4.3 Genetic mapping of the hybrid genome 

 

A map of the F2 hybrid was constructed using 177 markers originating from both species (Table 

A2.1), using the same methods as described for constructing the discrete species maps, section 3.1.  

Maps were constructed with LOD and recombination thresholds set to 3.5 and 0.4 respectively.  

 

2.2.5 Genetic mapping of phenotypic markers 

 

Phenotypic markers were mapped in the parent that was predicted to carry the dominant allele based 

on Mendelian segregation patterns (Table 2.7). Eight markers were mapped in V. cundinamarcensis: 

PRSV-P resistance (prsv-1), lobe depth (ld), lobe number (ln), vein number (vn), petiole texture 

(pt), petiole colour (pc), stem colour (sc) and vein colour (vc); and 2 markers were mapped in V. 

parviflora: lobe number (ln) and extent of sublobes (sn). Trait segregation data (Table A2.1) were 

converted to a binary score was converted to the alphabetised code recognised by the Mapmaker 

program as described in section 2.2.4. Traits were mapped into the discrete parental framework 

according to section 2.2.4, using a LOD threshold of 3.5 and 3.0 for V. cundinamarcensis and V. 

parviflora respectively, and a maximum allowable recombination between markers of 40%.  

 

2.2.6 QTL analysis of PRSV-P tolerance 

 

Identification of QTLs for PSRV-P tolerance in V. cundinamarcensis was achieved using the 

Mapmaker/EXP (version 3.0b) and Mapmaker/QTL (version 1.1b) programs (Lander et al. 1987). 

Data analysed included RAF markers used in construction of the discrete V. cundinamarcensis map, 

section 2.2.4, and trait data for symptom response in 24 susceptible F2 hybrids from the mapping 

population, and these scores are presented in Table A2.1.  

  

2.2.6.1 Defining chromosomes for QTL analysis 

 

For QTL analysis, linkage groups were converted to ‘chromosomes’. Chromosomes were defined at 

LOD 3.5 and maximum recombination 40% using Mapmaker. Since the order of markers along 

each linkage group was known from  section 2.2.4, markers were assigned directly to their 

chromosomes following pair wise analysis. Ten  chromosomes were defined using the “make 

chromosome” command (i.e. “make chromosome one two three” etc.). The first marker of each 

linkage group was anchored to its respective chromosomes using the “sequence” and “anchor” 
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commands. All remaining markers were assigned to their respective chromosomes using the 

“assign” command. Each chromosome was mapped by first specifying the framework, using the 

“frame” and “map’ commands. Map distances for each group were given in Kosambi centimorgans.  

  

2.2.6.2 Identifying QTLs for tolerance 

 

QTL mapping using Mapmaker/QTL was performed by interval analysis. A LOD score of 2.0 was 

used as the minimum significance level for QTL detection. Once the trait was defined, a histogram 

of the trait distribution was generated using the “show trait” command. Despite good variance 

homogeneity, the log transform of the data was used for interval mapping. Scanning the 

chromosomes for QTLs using the “scan” command revealed QTL positions in a given chromosome 

interval. The percentage of variance explained by the individual QTLs was also estimated using this 

program. Post script images of the QTL plots for each chromosome were produced using the “draw 

scan” command.  
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Results 

 

2.3 Marker analysis 
 

2.3.1 Quantification of amplified products  

 

RAF markers generated were of dominant type. From the resolved amplification products for eleven 

primers, the majority of markers appeared to be stably inherited into the F1 and F2 according to 

Mendelian genetics (Figure 2.1). A summary of marker inheritance data is presented in Table 2.2. A 

total of 414 RAF markers were identified between V. parviflora and V. cundinamarcensis. By 

comparison of RAF profiles of the parent species for each primer, 311 markers were identified as 

being polymorphic, corresponding to 75 percent of the total marker complement. Because of 

variability in the resolution and reproducibility of some RAF markers, usually for products outside 

the size range of 100 to 700 nucleotides, only 242 markers were scored across the 100 F2 

individuals of the mapping cross. Of these, 95 percent of marker loci segregated for both genomic 

classes (i.e. presence vs. absence of the marker) in the F2 generation. Non-polymorphic markers 

which segregated in the F2 were not observed. A small percentage of markers (3%) were observed 

as artifacts, which were present in the F1 or F2 hybrid generations and not in the wild species 

(Table 2.2). The species-specific nature of the RAF polymorphisms allowed quantification of the 

proportions of the parents within the hybrid population. Both V. cundinamarcensis and V. parviflora 

appeared to occupy an equal proportion of the hybrid genome, evidenced by 242 randomly selected 

polymorphic markers, of which 51 percent were maternal and 49 percent were paternal in origin 

(Table 2.2).  

 

2.3.2 Analysis of marker segregation 

 

RAF marker segregation ratios were assessed in the three F2 sub-populations (L12, L15 and L17) 

and overall ratios calculated for the composite population. A summary of segregation data for 242 

markers in the composite population is presented in Table A2.1. In each case marker segregation 

was compared to the expected ratios for Mendelian loci (Table 2.3). Based on this comparison, it 

was evident that 32% (77), 18% (43) and 13% (32) of markers scored diverged significantly from 

the expected ratios (1:1, 0:1 and 3:1) at the P < 0.05, 0.01 and 0.005 levels of significance 

respectively for the chi-square test (Table 2.2). Of the 242 markers assessed, 10 (4.13%) segregated 

as 1:1 and 13 (5.37%) segregated as 1:0 for presence vs. absence of the RAF marker. The majority 
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of markers segregated 3:1 for presence vs. absence of the RAF marker, accounting for 200 (83%) of 

markers. An additional 19 markers (7.9%) did not fit the predicted ratios at all three levels of 

significance (Table 2.4).  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

     P1     P2       F1     1     2    3    4    5    6    7    8    9 

Figure 2.1. Profiles of RAF 

amplification products 

generated from primer OPK4 

for V. parviflora (P1), V. 

cundinamarcensis (P2), VL17 

(F1) and a selection of F2 

individuals (1-9). Products fall 

in the size range of 

approximately  600bp (top 

arrow) – 150 bp (bottom 

arrow).  
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Table 2.2. Breakdown of RAF markers generated from 11 primers 

* Percentage of polymorphic markers  
**  Percentage of polymorphic markers scored in the F2 
***  Percentage of total markers identified 
 
 
 
 
 
 
Table 2.3. Predicted Mendelian segregation ratios for dominant RAF markers 

P cross F1 genotypes F1 cross F2 genotypes segregation 
AA x aa Aa AaxAa AA,Aa,aa 3:1 

AaxAa AA,Aa,aa 3:1 
Aaxaa Aa,aa 1:1 

Aa x aa Aa, aa 

aaxaa aa 0:1 
AA x AA AA AAxAA AA 1:0 

AA x AA AA 1:0 
AA x aa Aa 1:0 
AA x Aa AA, Aa 1:0 
Aa x aa Aa, aa 1:1 
Aa x Aa AA, Aa, aa 1:3 

Aa x Aa AA, Aa, aa 

aa x aa aa 0:1 
AAxAA AA 1:0 
AaxAa AA,Aa,aa 3:1 

AA x Aa AA, Aa 

AAxAa AA,Aa 1:0 
Segregation ratios are presented presence vs. absence 
 

 

Number of markers Total  Percentage (%) 
Total  414 - 
Polymorphic 311 75.12***  
Polymorphic markers scored in the F2 242 73.63* 
Polymorphisms (V. parviflora) 152 48.87* 
Polymorphisms (V. cundinamarcensis) 159 51.13* 
Selected for linkage studies 177 73.14**  
Exhibit distortion at P < 0.05 in the F2 77 31.82**  
Exhibit distortion at   P  < 0.01 in the F2 43 17.77**  
Exhibit distortion at  P  < 0.005 in the F2 32 13.22**  
Segregate 1:0 in the F2 composite  13 5.37**  
Segregate 1:1 in the F2 composite 9 3.72**  
Artefacts (markers identified as not originating in the parents) 13 3.14***  
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Marker segregation ratios for 128 markers (excluding the OPK4 and OPB8 marker sets) 

were also assessed within the three F2 sub-populations (L12, L15 and L17). A summary of 

segregation data for the three F2 sub-populations for 128 RAF markers is presented in Table 2.5. Of 

the 128 markers examined 75.8% (97) exhibited the same segregation ratio across all three sub-

populations. For two markers (OPB18-05 and OPB18-08) segregation fitted a 1:1 ratio in all three 

sub-populations, and 95 (74%) segregated 3:1 in all three sub-populations for presence vs. absence 

of the marker allele. For the remaining 24.2% (31) of markers, segregation fitted at least two of the 

three viable ratios (1:1, 0:1 and 3:1 for presence vs. absence of the marker allele; Table 2.3) in the 

three sub-populations, or were shown to be divergent at all three levels in at least one sub-

population (Table 2.5). 

 

 

Table 2.4. Summary of marker segregation for 242 polymorphic RAF markers. Origins of 

polymorphic markers, either V. cundinamarcensis (pb) or V. parviflora (pa), and presence of markers 

in the F1 are presented (+).  Where a marker fits one of the three Mendelian ratios 1:1, 0:1 and 3:1, 

segregation is noted at the lowest critical value for the chi-square test.  Divergent markers segregating 

1:0 are marked by α.   

 

P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

1. OPA11-01 +   + 5.13 - 3:1 - 
2. OPA11-02   + + 0.49 3:1 - - 
3. OPA11-03 +   + 2.34 3:1 - - 
4. OPA11-04 +   + 3.15 3:1 - - 
5. OPA11-05   + + 5.35 - - - 
6. OPA11-08 +   + 8.00 - - - 
7. OPA11-09   + + 2.84 3:1 - - 
8. OPA11-10 +   + 3.52 3:1 - - 
9. OPA11-11   + + 0.97 3:1 - - 
10. OPA11-12 +   + 0.01 1:1 - - 
11. OPA11-13   + + 0.63 3:1 - - 
12. OPA11-15 +   + 0.82 3:1 - - 
13. OPA11-16   + + 3.01 3:1 - - 
14. OPA11-17 +   + 1.58 3:1 - - 
15. OPA11-18 +   + 6.03 - 3:1 - 
16. OPA11-19 +   + 3.84 3:1 - - 
17. OPA11-20 +   + 5.20 - 3:1 - 
18. OPA11-22 +   + 4.49 - 3:1 - 
19. OPA11-25 +   + 0.72 3:1 - - 
20. OPA11-26 +   + 7.11 - - 3:1 
21. OPA11-27 +   + 0.06 3:1 - - 
22. OPA11-28   + + 7.01 - - 3:1 
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P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

23. OPA15-01   + + 0.75 1:1     
24. OPA15-02 +   + 4.23 - 3:1 - 
25. OPA15-03   + + 6.95 - - 3:1 
26. OPA15-04   + + 0.15 3:1 - - 
27. OPA15-06 +   + 3.86 - 3:1 - 
28. OPA15-07 +   + 5.33 - 3:1 - 
29. OPA15-08   + + 0.06 3:1 - - 
30. OPA15-09   + + 0.01 3:1 - - 
31. OPA15-10 +   + 2.33 3:1 - - 
32. OPA15-11 +   + 5.87 - 3:1 - 
33. OPA15-12 +   + 0.01 3:1 - - 
34. OPA15-13   + + 0.23 3:1 - - 
35. OPA15-14 +   + 0.84 3:1 - - 
36. OPA15-15   + + 2.09 3:1 - - 
37. OPA15-16 +   + 0.03 3:1 - - 
38. OPA15-18   + + 3.01 3:1 - - 
39. OPA15-05A +   + 15.25 - - - 
40. OPA15-05B   + + 0.02 3:1 - - 
41. OPA15-PA10 +   + 6.03 - 3:1 - 
42. OPA20-01   + + 0.09 3:1 - - 
43. OPA20-03   + + 0.00 3:1 - - 
44. OPA20-05 +   + 2.84 3:1 - - 
45. OPA20-06   + + 1.45 3:1 - - 
46. OPA20-08   + + 3.93 - 1:1 - 
48. OPA20-12   + + 0.93 3:1 - - 
49. OPA20-13   + + 0.81 3:1 - - 
50. OPA20-14 +   + 0.06 3:1 - - 
51. OPA20-15   + + 6.26 - 3:1 - 
52. OPA20-16   + + 13.34 - - - 
53. OPA20-17   + + 9.26 - - - 
54. OPA20-18 +   + 0.00 3:1 - - 
55. OPA20-20 +   + 0.26 3:1 - - 
56. OPA20-22 +   + 0.06 3:1 - - 
57. OPA20-07 +   + 0.00 1:0α - - 
58. OPA20-09 +   + 0.00 1:0α - - 
59. OPB10-01 +   + 2.29 3:1 - - 
60. OPB10-03   + + 2.85 3:1 - - 
61. OPB10-04 +   + 0.33 3:1 - - 
62. OPB10-06   + + 0.70 3:1 - - 
63. OPB10-09 +   + 0.31 3:1 - - 
64. OPB10-11   + + 1.72 3:1 - - 
65. OPB10-12 +   + 1.04 3:1 - - 
66. OPB10-13   + + 0.13 3:1 - - 
67. OPB10-14 +   + 0.72 3:1 - - 
68. OPB10-15   + + 2.84 3:1 - - 
69. OPB10-16   + + 3.90 3:1   - 
70. OPB10-17   + + 2.09 3:1 - - 
71. OPB10-18 +   + 10.08 3:1 - - 
72. OPB10-19 +   + 1.15 3:1 - - 



  Chapter 2.0 
 

 
- 106 - 

 

P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

73. OPB10-02 +   + 0.00 1:0α - - 
74. OPB10-21 +   + 16.44 - - - 
75. OPB10-23   + + 1.02 3:1 - - 
76. OPB10-24 +   + 0.57 3:1 - - 
77. OPB10-25   + + 4.10 - 3:1 - 
78. OPB18-01   + + 1.26 3:1 - - 
79. OPB18-02   + + 4.08 - 3:1 - 
80. OPB18-03 +   + 2.41 3:1 - - 
81. OPB18-04   + + 1.08 3:1 - - 
82. OPB18-05   + + 0.01 1:1 - - 
83. OPB18-06   + + 1.79 3:1 - - 
84. OPB18-07   + + 0.03 3:1 - - 
85. OPB18-08   + + 0.01 1:1 - - 
86. OPB18-09 +   + 3.39 - 3:1 - 
87. OPB18-10 +   + 0.03 3:1 - - 
88. OPB18-12   + + 2.36 3:1 - - 
89. OPB18-13 +   + 0.63 3:1 - - 
90. OPB18-14 +   + 1.23 3:1 - - 
91. OPB18-15 +   + 2.67 3:1 - - 
92. OPB18-16   + + 0.13 3:1   - 
93. OPB18-17   + + 0.13 3:1 - - 
94. OPB18-18   + + 3.33 3:1 - - 
95. OPB18-19 +   + 0.10 1:0α - - 
96. OPB18-21 +   + 0.13 3:1 - - 
97. OPB18-22   + + 0.14 3:1 - - 
98. OPB18-23 +   + 0.06 3:1 - - 
99. OPB18-25 +   + 0.82 3:1 - - 
100. OPB18-26 +   + 1.94 3:1 - - 
101. OPB18-28 +   + 0.71 3:1 - - 
102. OPB8-01   + + 1.97 3:1 - - 
103. OPB8-02.5   + + 1.26 3:1 - - 
104. OPB8-03   + + 0.00 1:0α - - 
105. OPB8-04 +   + 0.30 3:1 - - 
106. OPB8-05 +   + 5.74 - 3:1 - 
107. OPB8-06 +   + 0.00 1:0α - - 
108. OPB8-06.5   + + 11.33 - - - 
109. OPB8-07 +   + 1.04 3:1 - - 
110. OPB8-07.5 +   + 13.04 - - - 
111. OPB8-11   + + 3.44 3:1 - - 
112. OPB8-12   + + 0.01 3:1 - - 
113. OPB8-13.5 +   + 0.01 3:1 - - 
114. OPB8-15 +   + 0.01 3:1 - - 
115. OPB8-20 +   + 4.30 - 3:1 - 
116. OPB8-22   + + 0.03 3:1 - - 
117. OPB8-23 +   + 3.37 3:1 - - 
118. OPB8-24   + + 3.04 1:1 - - 
119. OPB8-27 +   + 7.75 - - 3:1 
120. OPB8-28 +   + 5.34 3:1 - - 
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P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

121. OPB8-29   + + 4.50 - 3:1 - 
122. OPB8-30 +   + 6.49 - 3:1 - 
123. OPB8-31 +   + 4.10 - 3:1 - 
124. OPB8-34   + + 13.93 - - - 
125. OPK4-03 +   + 15.82 - - - 
126. OPK4-04 +   + 0.00 1:0α - - 
127. OPK4-05 +   + 1.32 3:1 - - 
128. OPK4-08 +   + 4.30 - 3:1   
129. OPK4-09   + + 0.01 3:1 - - 
130. OPK4-09.5   + + 3.33 3:1 - - 
131. OPK4-10   + + 1.27 3:1 - - 
132. OPK4-11   + + 7.01 - - 3:1 
133. OPK4-12 +   + 3.74 3:1 - - 
134. OPK4-14 +   + 0.28 3:1 - - 
135. OPK4-18 +   + 0.54 3:1 - - 
136. OPK4-19   + + 0.04 3:1 - - 
137. OPK4-21   + + 0.28 1:0α - - 
138. OPK4-22 +   + 10.89 - - - 
139. OPK4-23a +   + 0.59 3:1 - - 
140. OPK4-23b   + + 0.50 3:1 - - 
141. OPK4-25 +   + 1.39 3:1 - - 
143. OPK4-27   + + 2.89 3:1 - - 
144. OPK4-28 +   + 0.30 3:1 - - 
145. OPK4-29   + + 1.72 3:1 - - 
146. OPK4-30   + + 0.79 3:1 - - 
147. OPK4-31   + + 2.00 3:1 - - 
148. OPK4-31.5   + + 0.38 3:1 - - 
149. OPK4-35   + + 5.56 - 3:1 - 
150. OPK4-36   + + 1.39 3:1 - - 
151. OPK4-37   + + 1.39 3:1 - - 
152. OPK4-38   + + 9.13 - - - 
153. OPK4-42a   + + 3.82 3:1 - - 
154. OPK4-42b   + + 3.82 3:1 - - 
155. PaAT10-03 +   + 0.32 3:1 - - 
156. PaAT10-06 +   + 4.1 - 3:1 - 
157. PaAT10-07 +   + 5.37 - 3:1 - 
158. PaAT10-08 +   + 0:00 3:1 - - 
159. PaAT10-12 +   + 4.43 3:1 - - 
160. PaAT10-17,18 +   + 3.23 3:1 - - 
161. PaAT10-26,27 +   + 0.08 3:1 - - 
162. PaAT10-33,34 +   + 5.13 - 3:1 - 
163. PaBB18-15 +   + 0.02 3:1 - - 
164. PaBB18-22A +   + 2.72 3:1 - - 
165. PaBB18-27 +   + 3.19 3:1 - - 
166. PaBB18-28B +   + 0.73 3:1 - - 
167. PaBB18-28C +   + 0.29 3:1 - - 
168. PaBB18-29 +   + 6.77 - - 3:1 
169. PaBB18-30 +   + 6.77 - - 3:1 
170. PaI08-25 +   + 5.01 - 3:1 - 
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P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

171. PaI08-27 +   + 0.73 3:1 - - 
172. PaI08-29 +   + 1.82 3:1 - - 
173. PaI08-32 +   + 3.01 3:1 - - 
174. PaW03-03 +   + 1.65 3:1 - - 
175. PaW03-06 +   + 0.32 3:1 - - 
176. PaW03-08 +   + 7.01 - - 3:1 
177. PaW03-11 +   + 2.84 3:1 - - 
178. Paw03-18 +   + 13.93 - - - 
179 Paw03-19 +   + 7.75 - - 3:1 
180 PaW03-20 +   + 8.00 - - - 
181 Paw15-01A +   + 4.25 - 3:1 - 
182 Paw15-02A +   + 0.00 - 3:1 - 
183 Paw15-04A +   + 7.94 - - 3:1 
184 Paw15-10 +   + 0.93 3:1 - - 
185 Paw15-12 +   + 0.06 3:1 - - 
186 Paw15-15 +   + 0.00 3:1 - - 
187 Paw15-18 +   + 0.17 3:1 - - 
188 Paw15-20 +   + 4.27 - 3:1 - 
190 Paw15-05a +   + - 1:0α - - 
191 PbAT10-02   + + 1.56 3:1 - - 
192 PbAT10-03   + + 0:00 3:1 - - 
193 PbAT10-09   + + 10:33 - - - 
194 PbAT10-11   + + 0.53 1:1     
195 PbAT10-21   + + 1.15 3:1 - - 
196 PbAT10-27   + + 0.17 3:1 - - 
197 PbAT10-32   + + 0.41 3:1 - - 
198 PbAT10-33   + + 0.67 3:1 - - 
199 PbAT10-34   + + 0.03 3:1 - - 
200 PbAT10-35   + + 0.49 1:1 - - 
201 PbBB18-10   + + 0.62 3:1 - - 
202 PbBB18-11   + + 2.00 3:1 - - 
203 PbBB18-12,13   + + 1.38 3:1 - - 
204 PbBB18-14   + + 1.32 3:1 - - 
205 PbBB18-18,19   + + 1.45 3:1 - - 
206 PbBB18-20,21   + + 0.03 3:1 - - 
207 PbI08-02   + + 7.76 - - 3:1 
208 PbI08-06   + + 0.48 3:1 - - 
209 PbI08-07A   + + 0.36 3:1 - - 
210 PbI08-0A   + + 3.84 3:1 - - 
211 PbI08-11   + + 2.29 3:1 - - 
212 PbI08-12   + + 4.75 - 3:1 - 
213 PbI08-14   + + 1.97 3:1 - - 
214 PbI08-15     + + 0.00 3:1 - - 
215 PbI08-18   + + 5.57 - 3:1 - 
216 PbI08-24   + + 3.37 3:1 - - 
217 PbI08-29,29A   + + 0.06 3:1 - - 
218 PbI08-31   + + 2.42 3:1 - - 
219 PbI08-31A   + + 3.90 - 3:1 - 
220 pbw03-21,22   + + - 1:0α - - 
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P < 0.05 P < 0.01 P < 0.005 # Marker name Pa Pb F1 χχχχ2 
3.84 6.64 7.88 

221 Pbw15-03   + + 2.35 3:1 - - 
222 Pbw15-05   + + 12.17 - - - 
223 Pbw15-12   + + 0.004 3:1 - - 
224 Pbw15-14   + + 0.07 3:1 - - 
225 Pbw15-19   + + 1.29 3:1 - - 
226 Pbw15-21A   + + 2.09 3:1 - - 
227 Pbw15-27   + + 0.03 3:1 - - 
228 Pbw15-28   + + 14.84 - - - 
229 Pbw15-31   + + 1.29 3:1 - - 
230 Pbw15-31A   + + 5.60 - 3:1 - 
231 Pbw15-32   + + 2.40 3:1 - - 
232 Pbw15-34   + + - 1:0α - - 
233 Pbw15-40   + + 0.03 3:1 - - 
234 Pbw15-41   + + - 1:0α - - 
235 Pbw15-44A   + + 1.15 3:1 - - 
237 Pbw15-55   + + 0.89 3:1 - - 
238 Pbw15-58,59   + + 0.09 3:1     
239 PbWO3-10   + + 6.06 - 3:1 - 
240 PbWO3-11   + + 0.10 1:1 - - 
241 PbWO3-12   + + 4.05 - 3:1 - 
242 PbWO3-25,26   + + 10.8 - - - 

 

 

Table 2.5. Marker segregation across F2 sub-populations. Markers are indicated (*) where sub-

population (SP) segregation ratio diverged from the predicted ratio at the P < 0.05 level of 

significance. Where segregation ratios varied across sub-populations, the composite (overall) 

population ratio is presented. V= Segregation varied between Sub-populations, B= Segregation was 

divergent in the composite population. 

 

Sub-population (SP) L12 L15 L17 
MARKER Fits ratio Fits ratio Fits ratio 

V B Pop. 
ratio 

OPA11-1 3:1 3:1 3:1    
OPA11-10 3:1 3:1 3:1    
OPA11-11 3:1 3:1 3:1    
OPA11-12 0:1 3:1* 3:1 +  1:1 
OPA11-13 3:1 3:1 3:1    
OPA11-15 3:1 3:1 3:1    
OPA11-16 3:1* 3:1 3:1    
OPA11-17 3:1 3:1 3:1    
OPA11-18 3:1 3:1* 3:1*    
OPA11-19 3:1 3:1 3:1    
OPA11-2 3:1 3:1 3:1    
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Sub-population (SP) L12 L15 L17 V B Pop. 
ratio 

MARKER Fits ratio Fits ratio Fits ratio    
OPA11-20 0:1 3:1 3:1* +  1:3 
OPA11-22 3:1 3:1 3:1  +  
OPA11-27 3:1 3:1 3:1    
OPA11-28 1:1 3:1 3:1 + + 1:3 
OPA11-3 3:1 3:1 3:1    
OPA11-4 3:1 3:1 3:1    
OPA11-5 3:1 3:1 3:1  +  
OPA11-8 3:1 3:1 3:1  +  
OPA11-9 3:1* 3:1 3:1    
OPA15-11 3:1 3:1 3:1  +  
OPA15-12 3:1 3:1 3:1    
OPA15-13 3:1 3:1 3:1    
OPA15-15 3:1 3:1 3:1    
OPA15-16 3:1 3:1 3:1*    
OPA15-18 3:1* 3:1 3:1  +  
OPA15-2 3:1 3:1 3:1*  +  
OPA15-3 3:1 3:1 3:1  +  
OPA15-4 3:1 3:1 3:1    
OPA15-5A 3:1 3:1* -*  +  
OPA15-5B 3:1 3:1 3:1    
OPA15-6 3:1 3:1 3:1  +  
OPA15-8 3:1 3:1 3:1    
OPA15-Pa10 3:1 3:1 3:1  +  
OPA20-1 3:1 3:1 3:1    
OPA20-12 3:1 1:1 3:1 +  1:3 
OPA20-13 3:1 1:1 3:1 +  1:3 
OPA20-14 3:1 3:1 3:1    
OPA20-15 1:1 3:1 3:1 + + 1:3 
OPA20-17 1:1 3:1 3:1 + + - 
OPA20-22 3:1 3:1 3:1    
OPA20-3 3:1 3:1 3:1    
OPA20-5 3:1 3:1 3:1*    
OPA20-6 1:1 0:1 0:1 +  1:3 
OPA20-8 3:1 3:1 1:1 + + 1:1 
OPB10-1 3:1 3:1 3:1    
OPB10-11 3:1 3:1 3:1    
OPB10-12 3:1 3:1 3:1    
OPB10-13 3:1 3:1 3:1    
OPB10-15 3:1 3:1 3:1    
OPB10-16 3:1 3:1 3:1*    
OPB10-17 3:1 3:1 3:1*    
OPB10-19 3:1 3:1 3:1    
OPB10-21 3:1* 3:1* 3:1*  +  
OPB10-23 3:1 1:1 3:1 +  1:3 
OPB10-24 1:1 1:1 0:1 +  1:3 
OPB10-25 0:1 3:1* 3:1 + + 1:3 
OPB10-6 3:1 3:1 3:1    
OPB18-1 3:1 3:1 3:1    
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Sub-population (SP) L12 L15 L17 V B Pop. 
ratio 

MARKER Fits ratio Fits ratio Fits ratio    
OPB18-10 3:1 3:1 3:1    
OPB18-12 3:1 3:1 3:1    
OPB18-13 3:1 3:1 3:1    
OPB18-14 3:1 3:1 3:1    
OPB18-15 -* 3:1 3:1    
OPB18-16 3:1 3:1 3:1    
OPB18-17 3:1 3:1 3:1    
OPB18-18 3:1 3:1 3:1    
OPB18-2 3:1 3:1 3:1  +  
OPB18-21 3:1 3:1 3:1    
OPB18-22 0:1 0:1 1:1 +  1:3 
OPB18-23 3:1 3:1 3:1    
OPB18-25 3:1 3:1 3:1    
OPB18-26 3:1* 3:1 3:1    
OPB18-3 3:1 3:1 3:1    
OPB18-4 3:1 3:1 3:1    
OPB18-5 1:1 1:1 1:1    
OPB18-6 0:1 1:1 0:1 +  1:3 
OPB18-7 3:1 3:1 1:1 +  1:3 
OPB18-8 1:1 1:1 1:1    
OPB18-9 3:1 3:1 3:1  +  
PaBB18-15 3:1 3:1 3:1    
PaBB18-22A 3:1 3:1 3:1    
PaBB18-27 3:1 3:1 1:1 +  1:3 
PaBB18-28B 1:1 3:1 3:1* +  1:3 
PaBB18-28C 1:1 3:1 3:1* +  1:3 
PaBB18-29 3:1 3:1 -*  +  
PaBB18-30 3:1* 3:1 3:1  +  
PaI08-25 3:1 3:1 1:1 + + 1:3 
PaI08-27 1:1 3:1 3:1 +  1:3 
PaI08-29 1:1 3:1 3:1 +  1:3 
PaI08-32 3:1 3:1 3:1    
Paw15-10 3:1 3:1 3:1    
Paw15-12 1:1 -* 3:1 +  1:3 
Paw15-15 3:1 3:1 3:1    
Paw15-18 3:1 3:1 3:1    
Paw15-20 3:1 -* 3:1  +  
Paw15-44 3:1 3:1* 3:1  +  
PaWO3-11 1:1 3:1 3:1 +  1:3 
PaWO3-20 3:1 3:1 3:1  +  
PaWO3-3 3:1 3:1 3:1    
PaWO3-6 3:1 3:1 3:1    
PbBB18-12,13 3:1 3:1 3:1  +  
PbBB18-14 3:1 3:1* 3:1    
PbBB18-18,19 3:1 3:1 3:1    
PbI08-11 3:1 3:1 3:1    
PbI08-12 3:1* 3:1 3:1  +  
PbI08-18 3:1 3:1* 3:1  +  
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Sub-population (SP) L12 L15 L17 V B Pop. 
ratio 

MARKER Fits ratio Fits ratio Fits ratio    
PbI08-24 3:1 3:1 3:1    
PbI08-29,29A 3:1 3:1 3:1    
PbI08-31 3:1 3:1 3:1    
PbI08-31A 3:1 3:1 3:1  +  
PbI08-6 3:1 3:1 1:1 +   
Pbw15-12 3:1 3:1 3:1    
Pbw15-19 3:1 3:1 3:1    
Pbw15-21A 3:1 3:1 3:1    
Pbw15-27 3:1 3:1 3:1    
Pbw15-28 3:1 3:1* 3:1  +  
Pbw15-31 3:1* 3:1 3:1    
Pbw15-31A 3:1 3:1 3:1  +  
Pbw15-32 3:1 3:1 3:1    
Pbw15-40 3:1* 3:1 3:1    
Pbw15-44A 3:1 3:1 3:1    
Pbw15-50,51 3:1 3:1 3:1    
Pbw15-55 3:1 3:1 3:1    
PbWO3-10 3:1* 3:1 1:1 + + 1:3 
PbWO3-11 3:1 3:1 0:1 +  1:1 
PbWO3-12 3:1 3:1* 3:1  +  
PbWO3-25,26 3:1* -* 3:1  +  
Total  17 15 14 31 - - 

χχχχ2 Divergent  13% 12% 11% 24% - - 
Total χχχχ2  divergent  30%  

 

  

 

The level of segregation distortion when within sub-population ratios were examined was less than 

that observed in the composite population. In total 38 (30%) markers diverged from the predicted 

segregation ratios in at least one of the three sub-populations at the P < 0.05 level of statistical 

significance for the chi-square test. Similar ratios were obtained for segregation distortion when 

examined within individual sub-populations which were 13% (17), 12% (15) and 11% (14) for L12, 

L15 and L17 respectively.  Although variable segregation of markers across F2 sub-populations 

may result in skewed overall marker ratios, only 9 (27%) markers which were identified as having 

distorted segregation in the composite population also exhibited variable segregation across the sub-

populations (Table 2.5).  
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2.3.3 Phylogenetic assessment of hybridity 

 

Analysis of discrete marker data using Phylip genetic analysis software produced phylogenetic 

trees, which provided estimations of the relative genetic distances between V. cundinamarcensis, V.  

parviflora and 30 F2 individuals (representative of the three sub-populations). Five phylogenetic 

trees are presented in Figures A2.11 – A2.15, which represent the most parsimonious trees for  the 

Dolop, Dolpenny, Penny, Mix and Pars algorithms. Since each program generates more than one 

tree [Dollop (18); Dolpenny (6); Penny (3); Mix (5) & Par (6)], only the first tree generated by each 

method is presented. Both the Penny and Mix programs produced unrooted trees.  In each tree the 

parents are most distantly positioned (i.e. separated by a larger number of branches), consistent with 

their different genetic backgrounds. The parents were separated by 11, 14, 13, 13 and 14 branches 

using the Dolop, Dolpenny, Penny, Mix and Pars methods respectively. Genetic distances predicted 

between F2 and grandparents and within F2 (V. cundinamarcensis or V. parviflora) were generally 

closer than those predicted for the parents, with separation ranging from 2 to 14 branches, consistent 

with hybridity of the population. Visual comparison of the clades indicated variation in the 

predicted F2 phylogenies depending on the method used. This was less apparent for the Dolop and 

Dolpenny methods which both use the Dollo parsimony criteria to estimate phylogenies.  

 

2.4 Genetic linkage mapping  

 

2.4.1 Construction of discrete parent genome maps  

 

A total of 177 polymorphic RAF markers, including 47 non-Mendelian loci, were used in linkage 

calculations (Table A2.1). Markers which segregated 1:0 in the F2 generation were not used for 

genetic mapping. Separate framework linkage maps of the two parent species were generated 

(Figure 2.2) using the Mapmaker/EXP linkage analysis program (Lander et al. 1987). Linkage 

groups ranged in size from 13.9 – 141.3 and 8.0 – 152.4 centimorgans (cM) for V. parviflora and V. 

cundinamarcensis respectively. Seventy seven (80%) polymorphic markers linked in coupling 

phase delineated at LOD 3.5, with maximum recombination set at 0.4 (40%), to give 10 linkage 

groups establishing a framework map for V. cundinamarcensis (Figure 2.2 (i)). The preliminary 

map covered 745.4 cM with an average distance between adjacent markers of 9.68 cM. Twelve 

markers remained unlinked. In the case of V. parviflora, a total of 73 markers (89%) were arranged 

into 10 linkage groups at LOD 3.0, with maximum recombination set at 0.4 (40%), covering 630.2 

cM with an average distance between markers of 7.95 cM (Figure 2.2 (ii)). The numbers of linkage 
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groups generated for both maps is close to the haploid chromosome number for Vasconcellea (n=9). 

Clustering of markers on linkage groups dependant on primer type was not observed. 

Of the 47 RAF markers showing divergent segregation ratios at P < 0.05 which were 

included in the mapping experiments (Table A2.2), 24 (89%) and 19 (95%) were placed on the 

linkage map for V. parviflora and V. cundinamarcensis respectively. Possible transmission 

distortion of these markers was evident at a few locations in V. cundinamarcensis. Eighty five 

percent of distorted markers mapped with at least one other marker showing divergent segregation 

ratios, however most of these appeared to be dispersed randomly across the groups in each case 

(Figure 2.2 (i)). Linkage groups 1, 2, 7, 8 and 10 of the V. parviflora map (Figure 2.2 (ii)) consisted 

mostly of markers exhibiting distorted ratios, accounting for up to 100% of framework positions in 

these groups.  

A total genome length of between 450 – 1350  cM was estimated for the haploid 

Vasconcellea genome. This value was based on a predicted chromosome size range of between 50-

150 cM for Carica papaya Sondur et al. (1996). Comparatively, total map lengths derived using the 

‘Method-of-Moment’ estimator (Hulbert et al. 1988; Chakravarti et al. 1991; Yin et al. 2001) was 

slightly larger, predicting 1516.50 cM (LF) and 1217.14 cM (LM ) for V. cundinamarcensis and V. 

parviflora respectively. Based on these estimates the V. cundinamarcensis and V. parviflora linkage 

maps generated in this experiment account for between 49 to 55 and 47 to 52  percent of their 

respective genomes. 

 

2.4.2 Construction of a hybrid genome map 

 

In a separate mapping experiment, RAF markers from both parents were mapped together to 

provide a genetic map of the hybrid genome. The same 177 markers used to construct the separate 

parental maps were analysed using Mapmaker/EXP software (Lander et al. 1987) with the LOD set 

to 3.5, and a maximum allowable recombination rate of 0.4 (40%). The preliminary map consisted 

of 17 linkage groups, four of which (linkage groups 3, 7, 9 and 12), were composed of a large 

proportion of markers originating from both parents. These four aberrant groups contained 76 

markers, representing 43% of the total number of markers used in the analysis. Further more, it was 

noted that these four groups contained a large proportion (64%) of markers used for mapping which 

exhibited distorted segregation in the mapping population (Table 1.0). Recalculation of linkage 

groups using 147 RAF markers, following removal of 30 distorted markers from the data  set (those 

originally assigned to one of linkage groups 3, 7, 9 or12), yielded 19 linkage groups at LOD 3.5,  

 



  Chapter 2.0 
 

 
- 115 - 

 

 

 

 

 

Figure 2.2. a) V. cundinamarcensis framework linkage map. The total linkage group (LG) length is 

indicated at the bottom of each group in Kosambi cM. Markers indicated by * diverged from the 

chi-square critical value at P < 0.05.  
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Figure 2.2.  b) Framework linkage map V. parviflora. The total linkage group (LG) length is 

indicated at the bottom of each group in Kosambi cM. Markers indicated by * diverged from the 

chi-square critical value at P < 0.05.  
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max recombination 40% (Figure 2.3), with the average of 7 markers per group. Of the 18 groups, 10  

(groups 1 – 5, 7, 10, 11, 13 & 14) and 7 (groups8, 12, 15 – 19)  mapped to linkage group 9 (Figure 

2.4b). The readjusted group sizes were 166.7cM and 121.0 cM for groups 9 and 7 respectively. The 

preliminary groups size predicted for molecular markers only were 44.3 and 102.3 cM for these 

groups in the same order, by comparison indicating a large effect of the four morphological markers 

on the size of group 9. Phenotypic markers for lobe depth (ld) and extent of sublobes (sn) were 

scored in the mapping population and mapped with 82 RAF markers in V. parviflora. Neither of 

these markers mapped to a linkage group in the V. parviflora framework using Mapmaker at LOD 

3.0 and max recombination 0.4 (40%).groups primarily or wholly contained markers originating 

from V. cundinamarcensis and V. parviflora respectively. Twenty six markers remained unmapped. 

Linkage groups ranged in size from 10.6 – 232 cM and the preliminary map covered 1250.7 cM, 

with an average distance between adjacent markers of 10.51 cM. The hybrid map was comparable 

in size to the expected diploid parental map size for V. parviflora (1260.4 cM) and V. 

cundinamarcensis (1490.8 cM), which were obtained by doubling the calculated map lengths in 

each case. The predicted genome size of the hybrid diploid genome based on the method of Sondur 

et al. (1996) was 700 – 2700 cM, and the calculated hybrid map size falls within this range. Based 

on the upper end of this estimated range the map presented accounts for approximately 46% of the 

total hybrid genome. 

 

2.4.3 Mapping morphological markers and PRSV-P resistance 

 

Based on observations of the segregation of morphological markers and their comparison with 

expected segregation ratios in chapter 1.0, the likely dominance and heterozygosity or 

homozygosity of the trait loci were predicted (Table 2.7). Using this information, the markers were 

mapped in the parent predicted to carry the dominant allele. Each marker was mapped as a 

dominant marker, because heterozygous genotypes could not be identified. Phenotypic markers for 

PRSV-P resistance, lobe number (ln), lobe depth (ld), petiole colour (pc), petiole texture (pt), stem 

colour (sc), vein colour (vc) and vein number (vn) were scored in the mapping population and 

mapped with 95 RAF markers in V. cundinamarcensis. Five markers: PRSV-P resistance, ln, ld, vn 

and pt were assigned to linkage groups in the V. cundinamarcensis map. Linkage was not identified 

for the remaining three markers. Only two linkage groups, namely 7 and 9, were affected by 

mapping the V. cundinamarcensis RAF markers with phenotypic data, and all molecular markers 

remained coupled in the same groups as predicted for the original V. cundinamarcensis map.
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Figure 2.3. Interspecific hybrid map. Total linkage group (LG) length is indicated at the bottom of each group in Kosambi cM.  
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Parental LG Hybrid 
LG 

RAF Marker 
  Pa         Pb 

1 1, 14, 40, 46, 47   1 
2 3, 6, 20, 26, 32, 50   2 
3 5, 25, 36, 62, 68, 75, 80   4 
4 7, 13, 19, 21 ,64, 66, 78   5 
5 8, 10, 23, 24, 30, 43, 44, 67, 71, 73, 85   6 
6 11, 42, 48, 70, 76, 81, 83   7 
6 116, 118, 127, 130, 132, 136, 139, 145 10   
7 12, 15, 37, 51, 58, 61, 63, 65, 72   8 
8 16, 31, 33   9 
8 90, 95, 100, 102, 122, 134, 137, 141, 142, 147 5   
9 22   6 

9 106 -   
10 27, 24   3 
11 28, 59, 60, 84   10 
12 35   - 
12 10, 113, 114, 140 8   
13 38, 41, 45, 49, 79   3 
13 115 -   
14 86, 144 2   
15 88, 94 ,99, 111, 112, 120, 133 3   
16 89, 101, 103, 104, 109, 138 4   
17 92,105,143 6   
18 93, 98, 107, 117, 121, 126, 131,146 6   

 

 

Table 2.7. Genotypes determined for phenotypic markers mapped in V. cundinamarcensis and V. 

parviflora. The trait was mapped in the species carrying the dominant allele, in the case of lobe 

depth this trait was mapped in both species.  

 Predicted genotype  
Trait V. cundinamarcensis V. parviflora Mapped in 
Lobe depth (ld) Aa/aa Aa/aa V. cundinamarcensis 
Lobe number (ln) Aa aa V. cundinamarcensis & 

V. parviflora 
Sublobes (sn) aa Aa V. parviflora 
Vein number (vn) Aa aa V. cundinamarcensis 
Petiole texture (pt) Aa aa V. cundinamarcensis 
Petiole colour (pc) Aa aa V. cundinamarcensis 
Stem colour (sc) Aa aa V. cundinamarcensis 
Vein colour (vn) Aa aa V. cundinamarcensis 
PRSV-P resistance 
(prsv) 

Aa aa V. cundinamarcensis 

 

 

Table 2.6.   Markers 

for hybrid linkage 

groups (LG) are sorted 

according to their 

origin in either V. 

parviflora (pa) or V. 

cundinamarcensis (pb), 

and are numbered 

according to their 

location in the parental 

map (i.e. LG). Markers 

that did not map in the 

parents are marked as 

(-). RAF Markers are 

numbered according to 

Table A2.1) 
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Figure 2.4. V. cundinamarcensis linkage groups 7 a) and 9 b) displaying 

positions of phenotypic markers. Map distances are expressed in Kosambi 

centimorgans, as is the total group length. Groups are not scaled against 

each other. The extent of the pr1 QTL support interval along LG7 is 

indicated from 0 to 40 cM.  

 

 

 

 

 

a)   b) 
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The PRSV-P resistance locus (prsv-1) mapped within 4 and 2.8 cM of its adjacent markers, 

Pbw15_40 and OPA15_8 on linkage group 7 (Figure 2.4 a). Morphological markers for ln, ld, vn 

and pt all mapped to linkage group 9 (Figure 2.4). The readjusted group sizes were 166.7cM and 

121.0 cM for groups 9 and 7 respectively. The preliminary groups size predicted for molecular 

markers only were 44.3 and 102.3 cM for these groups in the same order, by comparison indicating 

a large affect of the four morphological markers on the size of group 9. Phenotypic markers for lobe 

depth (ld) and extent of sublobes (sn) were scored in the mapping population and mapped with 82 

RAF markers in V. parviflora. Neither of these markers mapped to a linkage group in the V. 

parviflora framework using mapmaker/EXP at LOD 3.0 and max recombination 0.4 (40%). 

 

2.5 QTL analysis of PRSV-P tolerance 

 

The continuum of response to PRSV-P observed in the susceptible F2 individuals (presented in 

chapter 1) enabled this trait to be mapped quantitatively. Initial examination of trait values for 24 F2 

individuals out of 100 in the mapping population (Table 2.1) using mapmaker/QTL indicated that 

the data fitted a normal distribution, with both the ‘skewness’ and ‘kurtosis’ values falling close to 

zero. The crude histogram produced by this analysis also had the general appearance of a normal 

distribution (data not shown). Interval mapping revealed four putative QTLs in the V. 

cundinamarcensis linkage map that were associated with variation in PRSV-P susceptibility, and 

that exceeded the LOD threshold (Figures A2.1 to A 2.10). Of these, only one satisfied all statistical 

criteria for QTL assignment. This marker, pr1, explained approximately 83% of the observed 

phenotypic variance, and is a major QTL. Weight and dominance values for pr1 were 0.5423 and 

0.2896 respectively. This QTL mapped to the end of chromosome 7 (linkage group 7) in V. 

cundinamarcensis, spanning approximately 40 cM between markers pbw15_19 and prsv-1 (Figure 

2.4a and Figure 2.5). Several other markers collocated with the QTL, including pbw15_58 and 

pbw15_40. Three additional QTLs, Pr2, Pr3 and Pr4, exceeded the LOD threshold of 2.0 (Figure 

2.5 and A2.3 to A2.6), but did not satisfy all criteria for QTL assignment. These QTLs mapped to 

chromosomes 7 (between markers opb8_34 and opk4_29), 6 (between markers opb10_06 and 

opa15_05b) and 3 (between markers pbw15_31 and opa20_15) respectively (Table 2.8). 
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Figure 2.5. LOD score plot of QTL positions along V. cundinamarcensis chromosome 7.  
 

 
 
 

Table 2.8. Linkage group assignment, proportion of phenotypic effect and RAF markers 

flanking QTLs identified for PRSV-P tolerance in V. cundinamarcensis.* Linkage groups and 

chromosomes (Chr) are synonymous in this analysis. 

 
Trait QTL marker Chr* Variation explained 

PRSV-P tolerance pr1 Pbw15_19, pbw15_58, 

pbw15_40 & opa15_08 
7 83% 

PRSV-P tolerance pr2 Opb8_34 7 - 

PRSV-P tolerance pr3 Opb10_06/ Opa15_05b 6 - 

PRSV-P tolerance pr4 Pbw15_30/ opb18_16 3 - 

QTL pr1 

QTL pr2 
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Discussion 

 

2.6 Marker analysis 

 

2.6.1 Quantification of amplified products 

 

All RAF markers generated in this study were dominant in nature. A dominant marker specifies the 

presence of a marker allele (A), but can not discriminate between genotypes homozygous (AA) for 

the marker allele and those heterozygous, which have one marker allele (A) and one null allele (a). 

In the case of a heterozygote only one allele yields a product (i.e. RAF, AFLP or RAPD) and the 

other marker is termed a null locus, since due to a sequence variation between the alleles it is not 

detected. Codominant microsatellite markers have previously been generated using the RAF 

technique in Macadamia (Waldron et al. 2002; Peace et al. 2003). However, no such markers were 

revealed in the Vasconcellea species. Codominant RAF markers are characterised by a stuttering  

pattern caused by the annealing of RAF primers at multiple positions along a repeat region and is 

characteristic of microsatellites. Several such markers were observed in the RAF profiles for V. 

cundinamarcensis and V. parviflora (i.e. pbW15-40) but were not shown to exhibit allelic 

inheritance with other markers in the F2 profiles (data not presented).  

Several “artefactual” RAF markers were observed in the F2, meaning those that were 

present in the F1 or F2 but not in the parents (V. cundinamarcensis or V. parviflora). The presence 

of such markers may be explained by the fact that species representatives rather than the specific 

parent plants were used as a source of V. cundinamarcensis and V. parviflora genomic DNA, and 

artefactual markers may have represented markers unique to one of the actual parents of the 

pedigree.  

Genetic divergence of the parent species genomes is reflected in the large percentage (74%) 

of polymorphic RAF markers identified. Prior analyses of molecular markers in Vasconcellea 

support the notion that the parents of this cross are genetically diverse. Randomly amplified 

polymorphic DNA (RAPD) and Amplified fragment length polymorphisms (AFLP) marker 

techniques have revealed a high degree of divergence between the Vasconcellea species, including 

V. cundinamarcensis and V. parviflora, with mean genetic similarities ranging between 0.48 and 

0.73  (Jobin-décor et al. 1997, Kim et al. 2002; Van Droogenbroeck et al. 2002). In a recent study 

by Van Droogenbroeck and coworkers (2004), analysis of cpDNA RFLPs in Vasconcellea indicated 

that V. cundinamarcensis and V. parviflora may even belong to different evolutionary clades within 

Vasconcellea. Morphological variation of characters such as flower colour, leaf shape, petiole 
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colour and texture), fruit shape and size (Drew et al 1998; Badillo 2000a) as well as their distinct 

geographical distribution (Badillo 2000a) also support evolutionary divergence of these species.  

 
2.6.2 Assessment of segregation ratios 
 
 
Marker segregation was only examined for polymorphic markers, thus marker genotype 

combinations for the Vasconcellea species were restricted to AA x aa or Aa x aa (Table 2.3). In this 

discussion, all ratios are presented as presence vs. absence of the marker allele. Based on Mendelian 

inheritance, segregation ratios fitting 0:1 or 1:1 in the F2 imply heterozygosity of one species for the 

marker allele (Aa) (Table 2.3). No variation in segregation ratios would be observed in the F2 for 

markers homozygous in both parents (AA or aa), since all F1 progeny would be heterozygous (Aa), 

and all markers would segregate 3:1 in the F2. However, a proportion of markers heterozygous in 

one species would also segregate 3:1 in the F2 (Table 2.3).  

An estimation of heterozygosity of the wild species’ genomes can therefore be obtained 

from observing segregation ratios. Such estimations are most accurate when the exact parentage of 

the population is known, eliminating ambiguities. In an unregulated cross such as this, the level of 

outcrossing and the position of the F1 plants with respect to each other in the field will influence 

recombination of F1 the genotypes, thus affecting segregation ratios. Assuming selfing and 

outcrossing occur at equal rates, there are five possible combinations of F1 genotypes for a marker 

heterozygous in one parent (Aa). These are: Aa x Aa (selfing), Aa x Aa (outcrossing), Aa x aa 

(outcrossing), aa x aa (selfing) and aa x aa (outcrossing), each accounting for 20% of the possible 

pollinations. The F2 ratios in each case would be 3:1, 3:1, 1:1, 0:1 and 0:1 respectively. Following 

this model, 60% of markers that are heterozygous in the wild species will segregate 0:1 or 1:1. This 

model accounts for the proportion of heterozygotic markers that segregate 3:1 in the F2 which 

would otherwise be uninformative, and the number of markers segregating 1:1 or 0:1 in a 

population can be used to roughly estimate the level of heterozygosity in the parents.  

Overall the level of heterozygosity in the wild species based on marker segregation in the 

F2 appears to be moderate, with the majority of markers segregating 3:1, in both the composite 

population and across the sub-populations. Close to 4% of markers segregated 1:1 based on the 

composite population. However, assessment of 128 randomly selected markers in the three sub-

populations provided a larger estimate, indicating that 26% (33) of markers exhibited segregation 

fitting 1:1 or 0:1 in at least one of the three sub-populations (Table 2.5). Ratios for the composite 

population are skewed in some cases because of mixed segregation across F2 sub-populations, for 

example marker OPA20_6 which segregated 0:1 in L15 and L17, and 1:1 in L12, had an apparent 

segregation ratio of 3:1 in the composite population. Therefore estimations of heterozygosity may 
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be more reliable based on the sub-populations. Accounting for possible heterozygous markers 

segregating 3:1, the estimated level of heterozygosity becomes 44% (55 markers). This estimation 

may be upwardly biased because the number of markers segregating 1:1 or 0:1 was taken as the 

total observed for three populations, thus reducing the need to account for redundant marker 

segregation. Applying the model to the number of markers observed segregating 1:1 or 0:1 for 

individual F2 sub-populations estimated 24% (L12), 12% (L15) and 17% (L17) of markers were 

heterozygous. Taking the average of these three values (18%) may provide the most reliable 

measure of heterozygosity in the parents, which accounts for approximately 9% each.  

This estimation is consistent with the earlier observation that all polymorphic markers 

examined were observed in the three F1 parents (L12, L15 and L17; Table 2.4). If on average 9% of 

markers were heterozygous in the parents, we would expect to see a small proportion of 

polymorphic markers represented by the null homozygous genotype in some of the F1. In this case 

50% of F1 progeny would be expected to be null homozygous (aa) for this marker. The fact that no 

null homozygotes were recorded implies a very low level of heterozygosity. This is also supported 

by an absence of polymorphic markers which did no segregate in the F2, which could similarly arise 

from heterozygosity of both parents. Although only three F1 plants were examined, the large 

number of markers assessed in these plants strengthens this argument.  

From the observed marker segregation it can be inferred that a certain level of outcrossing 

took place between the F1 generation parents, since several markers exhibit variable segregation 

across the F2 sub-populations, and several markers segregate 1:1 in the F2. However an empirical 

measure of the level of outcrossing could not be obtained without severely underestimating its 

value. This is primarily because outcrossing events for markers homozygous in the parents, which 

represent the majority of genotypes, are uninformative (i.e. segregate 3:1 regardless of the type of 

cross). Furthermore, a proportion (~20%) of outcrossing events for markers heterozygous in the 

parents will also segregate equally across the sub-populations. Based on this information it appears 

that the level of outcrossing was marginal.  

Distorted RAF marker segregation ratios revealed in the F2 are indicative of genetic 

instability in the hybrid genome. Distortions in marker segregation are commonly attributed to 

genetic aberrations such as non-disjunction of chromosomes, improper chromosome pairing, 

deletions and substitutions in intrageneric and intergeneric hybrids resulting from incompatibility of 

the distantly related parent genomes (Burnham 1962; Lawrence 1971). In this study, the proportion 

of markers exhibiting distorted segregation ratios in the F2 composite population (32%) is 

comparable to distortions observed in other F1, F2 and BC intrageneric hybrids, which can range 

from 17 to 60 percent (Zamir and Tadmore 1986; Kazan et al. 1993, Yin et al. 2001, Luo et al. 
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2002, Schwarz-Sommer et al. 2003). The level of marker distortion in the F2 is indicative of genetic 

divergence between V. cundinamarcensis and V. parviflora,  and is consistent with prior molecular 

genetic analysis of the species (Jobin-décor et al. 1997; Kim et al. 2002; Van Droogenbroeck et al. 

2002). Phenotypic anomalies, such as reduced fertility, seed production and pollen formation in the 

F1 discussed in chapter 1.0 also suggest this. 

Marker segregation ratios in the composite population were influenced by variation of 

segregation ratios across the sub-populations. In some cases this effect was large, for example the 

composite population ratio for markers OPA11-12, OPA20-6, OPB10-24, OPB18-22, OPB18-06 

and PbW03-11 did not reflect the sub-population ratios for each of L12, L15 or L17 (Table 2.5). 

This indicates that in some cases interpretation of marker genetics would be best conducted using 

sub-population ratios than the composite population ratio, which can appear skewed. Divergence of 

markers from the predicted ratios in the composite population may also have been affected to a 

degree by variation of sub-population segregation ratios. Sixteen out of 33 markers designated as 

divergent in the composite population, exhibited normal segregation in the three sub-populations. 

The proportion of these however that varied across the sub-populations was low, suggesting 

minimal effect of sub-population segregation variation on distortion of these markers in the 

composite population. Only six out of 31 markers exhibiting different segregation patterns across 

the sub-populations appeared to be distorted in the composite population. Estimations of marker 

genetic instability based on segregation ratios in the composite vs. sub-populations were similar, 

with 32% and 30% percent of markers exhibiting distorted inheritance at P < 0.05 for the chi-square 

test based on the F2 composite and sub-populations respectively.  

The genetic basis for segregation distortion was not examined in this study, however 

chromosomal aberrations have been identified in intergeneric hybrids of C. papaya and V. 

cauliflora (Magdalita et al. 1998), and it is probable that similar abnormalities may occur in 

intrageneric hybrids of the Vasconcellea species. Uni-directional deviation of parental loci has 

previously been described in wide crosses resulting in skewed inheritance of a greater proportion of 

loci from one parent into the offspring (Zamir and Tadmore 1986; Guo et al. 1994). The F1 and F2 

hybrid genotypes contained approximately equal proportions of segregating polymorphisms from 

both parents (Table 2.2), indicating that preferential inheritance of parental loci was not significant. 

In general, polymorphic loci generated via RAF were incorporated into the hybrid genome 

following Mendelian rules of transmission and the segregation data obtained from the hybrid 

population were considered suitable for genetic mapping. 
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2.6.3 Phylogenetic analysis  

 

Segregation of eight morphological markers in the F2, discussed in chapter 1,  indicated that 

hybridisation had occurred between the V. cundinamarcensis and V. parviflora genomes. 

Assessment of a much larger number of genetic data points, in the form of dominant molecular RAF 

markers, spanning a greater proportion of the genome  confirmed this. Consistent amplification of 

all polymorphic markers identified in the parents (311) in the three F1 plants examined (L12, L15 

and L17) implied the inheritance of one homologous chromosome from each parent according to 

Mendelian principles. Segregation of markers in the F2 was consistent with rearrangement of 

marker alleles at meiosis by independent assortment and recombination. Due to the dominant nature 

of the RAF markers, this pattern of inheritance implies that the RAF marker loci are largely 

homozygous in the parents.  

Analysis of discrete markers in V. cundinamarcensis, V. parviflora and the F2 using a 

phylogenetic approach was aimed to further illustrate hybridity of the mapping pedigree. 

Construction of phylogenetic trees using Phylip genetic analysis software (Felsenstein 1989) 

indicated that the F2 progeny were the result of hybridisation of V. cundinamarcensis and V. 

parviflora. A quick glance at the assignment of F2 plants into clades reveals that F2 individuals are 

not grouped according to their subfamilies as might be expected. This disagreement with the known 

F2 pedigree structure can however be explained by the freely outcrossing design of the 

hybridisation experiment. Due to this design the paternal parent is unknown, and could be anyone of 

17 F1 plants growing together in an insect free enclosure. As a result, F2 individuals from different 

sub-populations may appear to be genetically more closely related than F2 individuals from their 

own sub-population. Referring to Table 2.9, for example, individuals 1 and 3 will be more closely 

related based on genetic analysis than if predicting relatedness based on the common maternal 

parent. The pattern of relatedness between F2 individuals and the parents, will ultimately be 

dependant upon the parent chromosome complement of the F2 individuals, and the level of 

recombination that has occurred within the population. Plants containing a larger proportion of V. 

cundinamarcensis derived chromosomes will appear to be more closely related to this parent than V. 

parviflora. Thus, genetic relationships between the parents and F2 plants may vary significantly, 

and this is observed in each of the five trees presented. The variation observed between predicted F2 

phylogenies, for the five different trees presented,  may be an artefact of the different types of 

analysis applied using the alternate Phylip programs. Compared to the relatively consistent 
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estimation of genetic distances between the parents across programs, F2 variations indicate that 

phylogenetic estimations using these programs are more accurate at the species level. 

 

 

Table 2.9. Hypothetical F1 parent combinations  

F2 plant Maternal parent Paternal parent (hypothetical) 

1 L12 L17 

2 L12 L13 

3 L17 L12 

 

 

 

2.7 Genetic mapping  

 

2.7.1 Linkage mapping 

 

Mapping dominant markers in repulsion phase using F2 populations may result in incorrect 

estimation of genetic distances (Knapp et. al. 1995). To overcome this problem, PRSV-P resistance, 

morphological and RAF markers were initially mapped to separate parental frameworks. While 

RAF has not been used extensively for the construction of genetic linkage maps, the randomly 

generated markers behave similarly to those generated by other dominant mapping systems such as 

AFLP and RAPD (Waldron et al. 2002, Peace et al. 2003). The linkage maps presented are 

comparable in length with maps obtained from similar numbers of dominant data points generated 

using RAPD for C. papaya (Sondur et al. 1996).  

The expected number of linkage groups based on the haploid chromosome number for 

Vasconcellea (n=9), compared closely with that obtained for the V. parviflora and V. 

cundinamarcensis framework maps, each consisting of 10 groups. Several linkage groups (LG) 

were generated which contained a small number of data points, including LG 1, 8 and 10 from the 

V. parviflora framework, which may represent unlinked fragments of one or more groups. LG 1 and 

10 consist mostly of markers exhibiting distorted segregation ratios, and may represent regions of 

the genome prone to genetic instabilities associated with intrageneric hybridisation (Jones et al.  

1997). A moderate proportion of the predicted genome size was obtained in each case. The 

discrepancy between predicted and actual genome size may be due to incomplete saturation of 

marker loci over the physical chromosomes.  
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Construction of the hybrid map, yielded 18 groups, which is the same as the number of 

chromosomes present in the diploid genome of Vasconcellea (2n=18). Because the markers used for 

map construction were dominant in nature, the hybrid map was divided into linkage groups 

corresponding to the separate parental homologues for each chromosome. The hybrid linkage 

groups and their corresponding linkage groups from the V. parviflora or V. cundinamarcensis 

linkage maps are presented in Table 2.6. Linkage groups 6, 8 12 and 13 consisted of a proportion of 

markers originating from both parents. These linkages may be genuine, reflecting crossover 

hotspots in the F1, or may result from distorted segregation of linked markers in the F2. However, 

none of the markers in question exhibited distorted segregation in the F2 population at P < 0.05, so 

the later explanation is unlikely. Application of co-dominant markers in this population would 

permit merger of markers on homologous groups to give a hybrid consensus map, however without 

co-dominant markers there is no way to identify the homologous linkage groups of V. 

cundinamarcensis and V. parviflora.  

Based on the predicted parent genotypes for each trait from Table 2.2, morphological 

markers and PRSV-P resistance were mapped in the parent which was assigned to the dominant 

allele. Because of the dominant nature of morphological markers (i.e. individuals scored for 

presence vs. absence) the recessive allele could not be mapped as there is no way to determined the 

heterozygotes (Aa) from homozygotes (AA). It was necessary to map the morphological marker for 

lobe depth (ld), in both parents. Based on segregation of this marker in the F2, as discussed in 

chapter 1.0, the parent genotype combination was predicted to be Aa x aa, however which parent 

was likely to confer the dominant allele could not be inferred. Ideally the dominant allele would be 

determined by selfing F2 individuals and monitoring their segregation.  

For those phenotypic markers which mapped in V. cundinamarcensis, several candidate 

RAF markers are identified which could be used to select for these characters using DNA based 

techniques, such PCR. Markers flanking the PRSV-P resistance locus (prsv-1), OPA15_8 and 

PbW15_40, can be considered to be near to, within 4 cM, but not necessarily on the resistance gene 

coding sequence since they do not co-locate with the resistant phenotype. Both markers could 

potentially be applied to assist selection of PRSV-P resistant hybrids of V. cundinamarcensis, 

however there is a significant risk of genotype selection error due to recombination, disrupting 

linkage disequilibrium between the gene and marker. Ideally, the population presented will be used 

to reveal additional markers with tighter linkage to the PRSV-P resistance gene. Preferably 

codominant markers would be developed to assist the introduction of the PRSV-P resistance gene 

from V. cundinamarcensis, and possibly other PRSV-P resistant species, into C. papaya.  
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Similarly for the morphological characters, several markers were identified which could be 

used to select for these traits, such as OPB18_22 for lobe number (ln), lobe depth (ld) and petiole 

texture (pt), and markers OPB8_29 and OPB18-6 which flank the locus assigned to vein number 

(vn). The failure of three markers relating to colour (petiole, vein and stem) to map to any linkage 

group of the V. cundinamarcensis map, may have resulted from there being more than one gene 

regulating each of these traits, therefore mapping of the trait using the single gene model was 

uninformative. This may have also been the case for the lobe depth character which did not map in 

the V. parviflora map. The system by which qualitative data were measured for these characters 

may also have resulted in misrepresentation of genotypes and hence affected the linkage analysis. 

For example, traits for colour were scored for presence or absence of the pink colour only, and did 

not account for the high degree of variation present among pink individuals which suggests several 

loci may regulate this trait. Ideally, the qualitative traits presented here for colour, lobe depth and 

possibly petiole texture should be re-measured quantitatively and associations tested in a larger 

population using a QTL mapping approach.   

 

2.7.2 QTL analysis of PRSV-P tolerance 

 

A large proportion (83%) of variation in response to PRSV-P in susceptible plants could be 

explained by the QTL pr1, implying that this is a major QTL. Three of the QTLs identified (pr2, 

pr3 and pr4) exceeded the LOD threshold of 2.0 recommended by Lander and Botstein (1989), 

indicating the presence of a putatively linked QTL in each case; however, were not considered 

statistically significant following regression analysis. It is possible that these loci represent QTLs 

with minor effects, which are known to be difficult to detect in small populations (Lander and 

Botstein 1989; Crespel et al. 2002). Furthermore, the presence of several F2 individuals whose 

mean PRSV-P symptom rating fell outside the parental variation range of 0 – 3.5 (Figure 1.11), 

favors the presence of more than one independent QTL controlling tolerance to PRSV-P (De 

Vicente and Tanksley 1993).  

The fact that the most prominent QTL, pr1, and a second possibly minor QTL, pr2, both 

fell on the same linkage group as the single dominant PRSV-P resistance gene (prsv-1), and in the 

case of pr1 in the same location, implies the presence of more than one gene contributing to PRSV-

P resistance on this chromosome. It is possible that these genes/loci represent part of a PRSV-P 

resistance gene cluster. Examples of aggregation of multiple virus resistance genes at a single locus 

or chromosomal region have been identified in a large number of plant species to date (Grumet et 
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al. 1997; Wai et al. 1997; Sicard et al. 1999; Kabelka et al. 2000; Young et al. 2000;.Huettel et al. 

2002). 

Several DNA markers can be selected from the linkage map to tag the four putative QTLs  

identified (pr1 – pr4) (Table 2.8). Since a major gene for PRSV-P resistance has been identified the 

application of QTL markers for breeding application is of less consequence, however this 

information is useful for general genetic studies of PRSV-P resistance.  

The small number of individuals for which trait variation was measured (24/100 plants) was 

a limiting feature of our QTL analysis. QTL studies employing populations of between 100 and 200 

individuals are highly represented in the literature (Zhu et al. 1999; Ben Chaim et al. 2001; Yu et al. 

2002; Fazio et al. 2003; Read et al. 2003), however a few cases of QTL analysis using less than 100 

individuals have recently been published (Abe et al. 2002; Crespel et al. 2002; Dahleen et al. 2003). 

In general larger population sizes (>200 individuals) are preferred for QTL analysis, as this 

improves the power for accurate QTL detection. However large segregating populations can be 

difficult to establish. In this study 100 F2 individuals were employed for genetic mapping of V. 

cundinamarcensis. Since only susceptible plants could be measured for this trait, and the ratio of 

resistant to susceptible plants in the population was 3:1, the number of plants suitable for QTL 

analysis was restricted to only 24. As such, the QTLs indicated in this study should be considered as 

preliminary, and associations would ideally be validated by screening and mapping a larger set of 

susceptible hybrids. This could be achieved by generating RAF marker data for the remaining 42 

susceptible plants that were not included in the initial linkage analysis, or by screening additional 

plants for PRSV-P susceptibility.  
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Conclusions 

 

Analysis of overall marker inheritance was used to assess several aspects of the F2 hybrid genetics, 

and permitted mapping of discrete loci for PRSV-P resistance, and several morphological markers. 

The parents of the F2 interspecific hybrids (V. cundinamarcensis and V. parviflora), were inferred 

to be genetically diverse based on the proportion of polymorphic markers observed between them 

(75%). In keeping with this concept, segregation of molecular markers in the F2 populations 

indicated that the hybrid genome was moderately unstable. Inheritance patterns for 242 markers 

revealed approximately 30% of markers departed from the predicted ratios and were not inherited in 

the F2 generation according to Mendelian genetics. Similar levels of segregation distortion have 

been observed in a large number of interspecific hybrids to date.  

The level of heterozygosity of marker loci in the wild species was estimated to be close to 

18% based on the frequency of markers segregating 1:1 or 1:0 in the F2 sub-populations. Marker 

inheritance also indicated that a proportion of the F2 progeny resulted from outcrossing, however an 

empirical estimate of the level of out crossing was not determined.  

Hybridity of the population was confirmed by consistent amplification of all polymorphic 

markers identified in the parents in the three F1 plants examined (L12, L15 and L17), which 

implied the inheritance of one homologous chromosome from each parent according to Mendelian 

principles. Using a phylogenetic approach, analysis of 130 RAF markers for 30 F2 individuals 

similarly showed that the F2 were genetic intermediates of V. cundinamarcensis and V. parviflora.  

Phylogenetic analysis also indicated that many of the F2 were the product of outcrossing, since F2 

progeny did not assign to clades according to their F1 parent, inferring a mixed paternal background 

of the sub-populations.  

Linkage maps of the wild species were produced. The expected number of linkage groups, 

based on the haploid chromosome number for Vasconcellea (n=9), compared closely with that 

obtained for the V. parviflora and V. cundinamarcensis framework maps, each consisting of 10 

groups. Construction of the hybrid map, yielded 18 groups, which is the same as the number of 

chromosomes present in the diploid genome of Vasconcellea (2n=18), corresponding to the separate 

parental homologues for each chromosome. The single dominant gene (prsv-1) for PRSV-P 

resistance was mapped to chromosome 7 of the V. cundinamarcensis map. Several candidate RAF 

markers were identified which could be used to select for the PRSV-P resistant character in hybrids 

of V. cundinamarcensis. Markers OPA15_8 and PbW15_40 flanked the PRSV-P resistance locus 

(prsv-1) within 4cM. A large proportion (83%) of variation to PRSV-P in susceptible plants could 

be explained by QTL pr1, implying that this is a major QTL. The fact that the most prominent QTL, 
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pr1, and a second possibly minor QTL, pr2, both fell on the same linkage group as the single 

dominant PRSV-P resistance gene (prsv-1), and in the case of pr1 in the same location, implies the 

presence of more than one gene contributing resistance to PRSV-P on this chromosome. It is 

possible that these genes may represent part of a PRSV-P resistance gene cluster. 

Similarly for the morphological characters, several markers were identified which could be 

used to select for these traits, such as OPB18_22 for lobe number (ln), lobe depth (ld) and petiole 

texture (pt), and markers OPB8_29 and OPB18-6 which flank the locus assigned to vein number. 

Strangely all three markers mapped to the same linkage group. The large genetic distances between 

markers for ln, ld and pt on the long arm of linkage group 9 suggest that some of these assignments 

may be spurious. False linkages may have resulted from human error interpretation of these 

qualitative traits.    
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Introduction 

 
Molecular marker technologies, combined with strategies involving carefully constructed test 

populations, have permitted rapid identification of markers linked to specific genes or genomic 

regions for a large number of plant species. The two most commonly utilised approaches include 

BSA or bulked segregant analysis (Michelmore et al. 1991), and NILS or near-isogenic lines 

(Young et al. 1988). These methods are technically simple, compared with other approaches that 

aim to saturate genomic regions of interest with markers such as chromosome walking (Michelmore 

et al. 1991). Broadly, both methods attempt to reveal specific markers by homogenising the genetic 

background of a test group or population with respect to all loci except for the those loci relating to 

the trait of interest.  

Since publication of the BSA method in 1991, examples of its use for practical 

development of markers in plants have become prevalent in the literature, and its applications are 

wide ranging. Markers linked to genes involved in viral and non-viral disease resistances, 

morphology, metabolism, reproduction, sex determination, colour, chemical tolerance, drought 

resistance and others have been revealed using this method (Lahogue et al. 1998; Rameau et al. 

1998; Irwin et al. 1999; Quarrie et al. 1999; Moury et al. 2000; Negi et al. 2000; Raman et al. 2002; 

Gunter et al. 2003). This process involves grouping DNA of informative individuals together into 

bulks such that a particular genomic region can be studied against a randomized genetic background 

of unlinked loci (Michelmore et al. 1991). The only prerequisite for BSA is a population that 

segregates for the trait/ gene of interest. Not only does BSA provide an alternative where NILs, 

which are time consuming to establish, are unavailable, but the accuracy of this method is far 

greater than the latter. Only half the markers identified between NILs will reportedly map to the 

targeted loci after 5 backcrosses (Michelmore et al. 1991). Both dominant and codominant 

randomly generated marker types have been employed to identify candidate loci for BSA studies in 

the literature. The most prominent methods include RAPDs, RFLPs, AFLPs, SNP’s (single 

nucleotide polymorphisms) and SSR’s (simple sequence repeats or microsatellites). In some cases 

these markers serve as a starting point for map-based cloning where linkage to the marker is tight.  

The final outcome of such marker development strategies is for their application to assist 

introduction of the linked gene/s via breeding programs.  Codominant markers are preferred since 

they permit genotyping of both alleles of a gene or marker locus inherited in the offspring, and thus 

can discriminate between homozygotes and heterozygotes. As such they are a more powerful tool 

for breeding than dominant markers. A long list of acronyms is found in the literature accounting 

for the different types of codominant markers, which can be developed from both dominant and 
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codominant marker sequences and include: SCARs (sequence characterised amplified regions), 

CAPS (cleavage amplified polymorphic sequence), STSs (sequence tagged sites), SNPs (single 

nucleotide polymorphisms) and SSR’s (simple sequence repeats or microsatellites). Selection of a 

suitable method depends on the type of information generated, reliability and reproducibility of the 

detection method, ability to multiplex for high throughput screening, cost and availability of 

resources and expertise. In this chapter both SCAR, CAPS, and SNP markers are dealt with. By 

definition a SCAR marker refers to the  characterised DNA sequence of the alleles of the marker of 

interest. A SCAR can be converted to a CAPS maker that is diagnostic for a particular allele by 

digestion with a restriction enzyme which is polymorphic between the marker alleles. A SNP 

marker involves specific detection of a single nucleotide, not necessarily within a restriction site, 

that is polymorphic between the marker alleles. SNPs can be detected by a variety of methods, 

including PCR, primer extension (SNuPE assays) and MLPA (multiplex ligation probe 

amplification; Shouten et al. 2002). 

Marker assisted selection (MAS) for simply inherited traits is gaining increasing 

importance in breeding programs, and can enhance efficiency of artificial selection by reducing the 

duration of breeding cycles and increasing the genetic gain in each cycle (Francia et al. 2005; Pot et 

al. 2005). Plant breeding is based on phenotypic selection of superior genotypes within segregating 

progenies obtained from crosses, which is often encumbered by genotype x environment (G x E) 

interactions (Francia et al. 2005). Since molecular markers are inherited independently of such 

environmental effects and are detectable in all stages of plant growth, they are particularly useful 

for selecting valuable genotypes in breeding programs, for example, in assisting selection of  

desirable early flowering tree genotypes at the seedling stage, which would otherwise take many 

years until the phenotype to become evident. Markers linked to different genes can also be used to 

assist gene pyramiding. Previously, pyramiding multiple resistance genes has afforded durable 

broad spectrum resistance to multiple pests/ diseases in rice (Datta et al. 2002; Narayanan et al. 

2004). 

The success of MAS depends upon several factors, including the genetic base of the trait, 

the degree of the association between the molecular marker and the target gene, the population size, 

the genetic background in which the target gene has to be transferred and compatibility of the 

species to be hybridised (Francia et al. 2005). Single gene traits, such as resistance to many 

pathogens and to the quality of some crop products have provided some important examples of a 

possible routine application of MAS (Francia et al. 2005). For complex traits, such as yield, 

efficient utilization of MAS in plant breeding is limited since genes are spread over multiple loci. A 

huge number of DNA based markers for selection of genes linked to important traits have been 
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published since the early 90’s. In recent years many examples of application of molecular markers 

for MAS have appeared in the literature, overwhelmingly these include markers for disease 

resistances which generally are conferred by few genes, though examples of MAS for QTLs are 

also reported.  Some recent examples of disease resistance breeding utilising MAS include selection 

of rice varieties carrying genes conferring resistance to Magnaporthe grisea, the causal agent of rice 

blast disease (Yi et al. 2004), introgression of Phytopthora resistance QTL alleles in pepper 

(Thabuis et al. 2004), selection of resistant interspecific hybrids carrying the Ma gene for root-knot 

nematode resistance in plum (Lecouls et al. 2004), selection of backcross hybrids carrying the Yd2 

gene conferring resistance to Barley yellow dwarf virus (Jefferies et al. 2004), pyramiding bacterial 

blight resistance genes in Basmati rice (Joseph et al. 2004) and fusarium head blight resistance 

selection in wheat (Yang et al. 2003). Narayanan (2004) reported on the successful pyramiding of 

genes for blast resistance in Indica rice, combined with biolistic transformation with the Xa21 gene 

for bacterial blight resistance, to provide broad spectrum resistance to both pathogens.  

Randomly amplified DNA fingerprint markers (RAFs) were applied in a bulked segregant 

analysis (BSA) approach to identify markers tightly linked to the PRSV-P resistance gene locus 

prsv-1, which was mapped in Chapter 2.0. This is the first reported study of the application of RAFs 

for BSA, and the first such study in a Caricaceae species. Several RAF markers were revealed, one 

of which collocated with the resistance gene, and had homology with a serine/ threonine protein 

kinase. Two candidate markers, Opk4_1r and Opa11_5r mapped within a few cM of prsv-1. The 

Opk4_1r SCAR was applied as dominant marker in a intergeneric hybrid population of V. 

quercifolia and C. papaya, but revealed no linkage to PRSV-P resistance inherited from V. 

quercifolia. Codominant CAPS and SNP PCR markers diagnostic for the PRSV-P resistant 

genotypes were developed based on the SCAR marker sequences. The Opk4_1r CAPS detected the 

correct phenotype 99% of the time. These markers have significant potential for application in 

breeding programs utilising PRSV-P resistant progeny of V. cundinamarcensis and V. parviflora for 

the development of resistant C. papaya varieties. 
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Methods and Materials 

 

3.1 Development of DNA markers for PRSV-P resistance 
 

3.1.1 Bulked segregant analysis 

 

3.1.1.1 Plant materials 

 

The PRSV-P resistant and susceptible bulks were prepared using individuals selected from 246 F2 

interspecific hybrids of V. parviflora and V. cundinamarcensis maintained as described in section 

1.1.3. In total, 18 resistant and 14 susceptible F2 plants, that had been phenotypically characterised 

in Chapter 1.0, were used (Table 3.0). Plants with the highest mean symptom rating (Table A1.1). 

were selected for the susceptible bulk.  

 

Table 3.0. Resistant and susceptible bulk individuals 

F2 Bulk F2 Bulk 

L15-17 S L2-02* R 
L15-20* S L5-06* R 

L17-03* S L6-05 R 

L17-38 S L8-06 R 

L8-12* S L11-14 R 

L15-03* S L12-12 R 

L16-03* S L12-24 R 

L17-01A* S L12-2B* R 

L17-17A* S L12-30* R 

L17-24 S L12-33 R 

L17-27 S L14-26 R 

L5-04* S L14-5A R 

L17-05* S L15-25* R 

L15-07* S L16-07* R 

- - L17-29* R 

- - L17-34* R 

- - L11-7 R 

- - L13-3* R 

-  L17-07A*α - 

 *Plant materials used for verification of CAPS markers by SNP PCR 

 α individuals not used in DNA bulks 
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3.1.1.2  Preparation of DNA bulks 

 

Total genomic DNA was extracted from fresh or frozen (-80ºC) leaves  sampled from the shade 

house according to Delaporta et al. (1983), with minor modifications. Tissue was ground in 

Cetyltrimethlyammonium bromide (CTAB) buffer at room temperature in a 1:10 ratio with 1% N-

lauryl sarkosine (sarkosyl) and 1% polyvinylpyrrolidone (PVP). DNA quality and concentration 

was determined by electrophoresis on 0.7% agarose gels with 1 x TAE buffer (0.04 M Tris, 0.02 M 

NaOAc, and 0.002 M Na2EDTA) against a 1kb DNA molecular weight standard (Invitrogen), and 

visualised by ethidium bromide (EtBr) staining and UV irradiation. Resistant and susceptible DNA 

bulks were prepared by pooling 20 µl aliquots of 25 ηg/µl DNA preparations from selected resistant 

and susceptible individuals such that the final concentration of DNA for each bulk was 25 ηg/µl,  

and the final concentration of DNA for individuals was 1.39 and 1.79 ηg/µl for the resistant and 

susceptible bulks respectively.  

 

3.1.1.3  Amplification of RAF markers  

 

Genomic DNA (~25 ηg) was applied in RAF labelling reactions with α-p33dATP (Easytides) as 

described by Waldron et al. (2002). Seventy decamer primers (Operon kits A, B, H and primers 1-

10 of kit K; Table 3.1a) were used to generate RAF profiles for the resistant and susceptible bulks 

in duplicate. Amplified fragments were resolved by electrophoresis on 4% polyacrylamide gels in 1 

x TBE buffer following the method of Waldron et al. (2002). Radio-labelled PCR products were 

visualised by exposing the dried gel to Kodak MR film for 16hrs or alternatively using the 

FLA5000 phosphorimaging system (Fugifilm).  

 Using the same method, primers OPA2, OPA8, OPA11, OPB6, OPB8 and OPK4 that 

revealed candidate RAF markers following BSA were used to generate RAF profiles from genomic 

DNA of V. cundinamarcensis, V. parviflora and the resistant and susceptible bulk individuals. 

Primers OPA11, OPB8 and OPK4 were also screened in 5 additional Caricaceae species: V. 

quercifolia, V. cauliflora, V. stipulata, V. gouditiana and C. papaya.  

 

3.1.1.4  Scoring RAF gels 

 

Markers amplified by RAF from the bulk DNA were scored according to two genomic classes, 

present (1) or absent (0). Those markers which were amplified in the resistant bulk and not in the 
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susceptible bulk were selected as candidate markers for PRSV-P resistance. Candidate markers 

were verified by scoring each marker in the RAF profiles for both Vasconcellea parents and bulk 

individuals, where markers were again scored as present (1) or absent (0).  

 

Table 3.1. Oligonucleotide sequences 

a) Operon decamer primers used for BSA 

Primer  5' - 3' sequence Primer  5' - 3' sequence 
 OPA01 CAGGCCCTTC  OPB01 GTTTCGCTCC 
 OPA02 TGCCGAGCTG  OPB02 TGATCCCTGG 
 OPA03 AGTCAGCCAC  OPB03 CATCCCCCTG 
 OPA04 AATCGGGCTG  OPB04 GGACTGGAGT 
 OPA05 AGGGGTCTTG  OPB05 TGCGCCCTTC 
 OPA06 GGTCCCTGAC  OPB06 TGCTCTGCCC 
 OPA07 GAAACGGGTG  OPB07 GGTGACGCAG 
 OPA08 GTGACGTAGG  OPB08 GTCCACACGG 
 OPA09 GGGTAACGCC  OPB09 TGGGGGACTC 
 OPA10 GTGATCGCAG  OPB10 CTGCTGGGAC 
 OPA11 CAATCGCCGT  OPB11 GTAGACCCGT 
 OPA12 TCGGCGATAG  OPB12 CCTTGACGCA 
 OPA13 CAGCACCCAC  OPB13 TTCCCCCGCT 
 OPA14 TCTGTGCTGG  OPB14 TCCGCTCTGG 
 OPA15 TTCCGAACCC  OPB15 GGAGGGTGTT 
 OPA16 AGCCAGCGAA  OPB16 TTTGCCCGGA 
 OPA17 GACCGCTTGT  OPB17 AGGGAACGAG 
 OPA18 AGGTGACCGT  OPB18 CCACAGCAGT 
 OPA19 CAAACGTCGG  OPB19 ACCCCCGAAG 
 OPA20 GTTGCGATCC  OPB20 GGACCCTTAC 
 OPH01 GGTCGGAGAA  OPK01 CATTCGAGCC 

 OPH02 TCGGACGTGA  OPK02 GTCTCCGCAA 

 OPH03 AGACGTCCAC  OPK03 CCAGCTTAGG 

 OPH04 GGAAGTCGCC  OPK04 CCGCCCAAAC 

 OPH05 AGTCGTCCCC  OPK05 TCTGTCGAGG 

 OPH06 ACGCATCGCA  OPK06 CACCTTTCCC 

 OPH07 CTGCATCGTG  OPK07 AGCGAGCAAG 

 OPH08 GAAACACCCC  OPK08 GAACACTGGG 

 OPH09 TGTAGCTGGG  OPK09 CCCTACCGAC 

 OPH10 CCTACGTCAG  OPK10 GTGCAACGTG 

 OPH11 CTTCCGCAGT - - 

 OPH12 ACGCGCATGT - - 

 OPH13 GACGCCACAC - - 

 OPH14 ACCAGGTTGG - - 

 OPH15 AATGGCGCAG - - 

 OPH16 TCTCAGCTGG - - 

 OPH17 CACTCTCCTC - - 

 OPH18 GAATCGGCCA - - 

 OPH19 CTGACCAGCC - - 

 OPH20 GGGAGACATC - - 
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b) SCAR primers designed from candidate RAF markers 

Primer  Candidate Marker  5' - 3' sequence* 
PBK41R F Opk4_1r CCGCCCAAACTGCGGAACAC 
PBK41R R Opk4_1r CCGCCCAAACCCCCAACTAG 
PBA115R F Opa11_5r CAATCGCCGTAGGAAAATTC 
PBA115R R Opa11_5r CAATCGCCGTAGAGGAGGAGG 

*Decamer RAF primer sequences are indicated in bold type 

 

c) Codominant SNP PCR primers 

Marker Allele Primer 5' - 3' sequence 

Opa11_5r PB SNPopaPB-R TAATGCAAATGCATGTAGGTAC 

Opa11_5r PA SNPopaPA-R AATACAATCTTGTATTGTAGAG 

Opa11_5r Conserved SNPopa-F AATCGCCGTAGAGGAGGAGGAG 

Opk4_1r PB SNPopkPB-F TTCAATAACCTACGTACATT 

Opk4_1r PA SNPopkPA-F GAGAAAATGAAGGAGTAATA 

Opk4_1r Conserved SNPopk-R CGCCCAAACCCCCAACTAGT 

PB = V. cundinamarcensis, PA = V. parviflora 

 

3.1.2 Genetic mapping of candidate RAF markers in V. cundinamarcensis 

 

3.1.2.1  Mapping population 

 

Genetic mapping was conducted using the same group of 100 F2 individuals selected from the V. 

cundinamarcensis x V. parviflora interspecific hybrid population described in section 2.1 of this 

thesis. 

 

3.1.2.2 Amplification of RAF markers 

 

Five candidate RAF markers were amplified in the mapping population (Table A3.1) following the 

method described in section 3.1.1.3 using decamer primers OPK4, OPA11 and OPB8.   

 

3.1.2.3 Scoring RAF gels and assessment of marker segregation 

 

All markers were assumed to be randomly distributed. Inheritance of RAF markers originating from 

the parents was recorded for two genomic classes, presence (1) or absence (0), in the F1 and F2 
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profiles according to section 2.2.2. Adherence of BSA markers to the expected segregation ratios 

was measured using the chi-square test according to section 2.2.2.  

 

3.1.2.4 Locating candidate RAF markers on the V. cundinamarcensis map 

 

Segregation data for candidate RAF markers originating in V. cundinamarcensis was converted to 

the recognised Mapmaker codes, D/B for presence/absence of dominant markers. Since all markers 

analysed were dominant in nature, the heterozygote symbol (H) was not employed. Genetic 

mapping was conducted using the Mapmaker program (Lander et al. 1987). Pairwise comparisons 

were performed for five candidate RAF markers identified in section 3.1.1, and RAF markers from 

the V. cundinamarcensis data set, previously mapped in section 2.2.4.1, using the “sequence all” 

command. Groups were defined with a LOD score of 3.5 and a recombination threshold of 40%, 

using the ‘group’ command. Within groups, marker orders were determined at LOD 3.0 using the 

‘sequence’ and ‘compare’ commands on a partial set of markers (< 5), additional markers were 

positioned into this sequence using the ‘try’ command according to the ‘maximum likelihood’ value 

for each potential position. Final marker order was checked using the ‘ripple’ test. Genomic map 

distances were calculated in centimorgans (cM) using the Kosambi correction. Maps were drawn 

using MapChart (Voorrips 2002). 

 

3.1.3 Sequence characterisation of candidate RAF markers Opa11_5r and Opk4_1r 

 

3.1.3.1 Cloning candidate RAF markers  

 

Because of their close linkage to prsv-1 candidate markers Opa11_5r and Opk4_1r were selected 

for further characterisation. Although a previously mapped marker Pbw15-40, section 2.4, was also 

in close proximity to prsv-1 it was not selected for further characterisation because the RAF marker 

was small (molecular weight ~ 60bp). RAF profiles were amplified from V. cundinamarcensis DNA 

and resolved using the same condition as outlined in section 3.1.1.3 using decamer primers OPA11 

and OPK4. Both RAF markers were excised directly from the acrylamide gel, which was dried on 

3MM blotting paper according to Waldron et al. (2002). The dried gel was overlaid with a 

developed 35 x 40 cM Kodak BioMax film (marked to allow correct orientation) and the marker 

excised by cutting through the film at the appropriate position. The excised fragment was re-

hydrated in a 1.5 ml centrifuge tube containing 0.2 ml of TE buffer (10 mM Tris, 1 mM EDTA) at 

4oC overnight. The Hydrated gel was separated from blotting paper, which was removed, and the 
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gel homogenised in the tube using a tapered plastic pestle. The mixture was centrifuged to pellet 

debris and the solution stored at -20oC.  

One micro litre of the supernatant was used as template in a PCR reaction with the 

respective Operon decamer primer (OPA11 or OPK4), using the same reaction conditions and 

thermal cycling regime as outlined in section 3.1.1.3, except that α-p33dATP was omitted. PCR 

products were resolved on 1.2% agarose gels in 1x TAE buffer against 1kb DNA molecular weight 

standard (Invitrogen) and visualised by ethidium bromide (EtBr) staining and UV irradiation. 

Fragments were gel extracted using a Qiagen gel extraction kit (Qiagen) according to the 

manufacturer’s instructions.  

The purified PCR products were quantified by electrophoresis on 0.7% agarose gels with 1 

x TAE buffer, and cloned into pGEM-T Easy vector (Promega) and transformed into ultra 

competent Escherichia. coli cells (strain JM109; Promega) following the manufacturer’s instructions. 

Twenty white colonies were picked for each of Opa11_5r and Opk4_1r under sterile conditions and 

tested for the insert by colony PCR according to Gussow and Clackson et al. (1989) using universal 

M13 primers (M13-F 5’-GTAAAACGACGGCCAGT-3’ and M13-R 5’-

CAGGAAACAGCTATGAC-3’). Simultaneously, for each colony 5 ml of Lauria Bertani (LB) 

broth, supplemented with 100 µg/ml Ampicillin, was inoculated using a sterile wooden splinter, and 

cultured overnight at 37oC with 200 rpm shaking. Colony PCR products were resolved on 1.2% 

agarose gels in 1 x TAE buffer, and plasmid mini-preparations prepared from 5 ml of liquid culture 

for 10 positive colonies for each of Opa11_5r and Opk4_1r using a Qiagen miniprep kit (Qiagen) 

according to the manufacturer’s instructions.  

 

3.1.3.2 Sequencing candidate RAF markers  

 

Cloned Opa11_5r and Opk4_1r RAF markers were sequenced from plasmid template by the 

dideoxy chain termination method (Sanger et al. 1977), using the BigDye version 3.1 sequencing 

system (Applied Biosystems), according to the manufacturer’s instructions. Five clones for both 

markers were sequenced using the M13-F and M13-R universal primers in separate sequencing 

reactions. DNA sequencing of the Opa11_5r clone was not possible using the standard thermal 

cycling regime recommended by Applied Biosystems. Optimisation of the thermal cycling regime 

permitted sequencing, by increasing the extension temperature from 60oC to 70oC and decreasing 

the annealing time to 0 sec. Examples of the sequence chromatograms produced for Opa11_5r using 

the recommended and modified conditions respectively are presented in Figure 3.0 a). 

 



  Chapter 3.0 
 

 
- 144 - 

 

 

Figure 3.0 a). DNA sequencing chromatogram of Opa11_5r at 60oC and 70oC extension 

temperature 

 

 

 

3.1.3.2 SCAR marker sequence homology  

 

Sequences with homology to the Opa11_5r and Opk4_1r sequence characterised amplified regions 

(SCAR) were identified in the sequence databases using the Basic Local Alignment Tool (BLAST; 

Altschul et al. 1990) supported on the National Centre for Biotechnology Information (NCBI) 

web site (http://www.ncbi.nlm.nih.gov). Searches for regions of local similarity to nucleotide and 

protein sequences were initiated using the BLASTn and BLASTx tools respectively using default 

settings.  

 

3.1.4 SCAR sequence analysis 

 

3.1.4.1 Amplification of SCARs in 7 Caricaceae species 

 

Specific 20 to 21 bp oligonucleotide primers were designed from the Opa11_5r and Opk4_1r SCAR 

sequences. Forward and reverse 20 bp primers were designed for Opk4_1r (PBK41R F and R) and a 

20 and 21 bp primer set for Opa11_5r (PBA115R F and R) which incorporated the original decamer 

primer sequence plus an additional 10 to 11 bp of the SCAR (Table 3.1b). These primer sets were 

used to PCR amplify the SCAR from plasmid containing the RAF marker sequence and genomic 

DNA of 8 Caricaceae species: V. cundinamarcensis, V. parviflora, V. cauliflora, V. quercifolia, V. 

gouditiana, V. stipulata and C. papaya (line 2.001). Reactions were prepared in 20 µl using the 

following conditions: 25 ηg genomic template or 5 µl of plasmid DNA (1/500), 1 unit of Taq DNA 

polymerase (Fermentas), 1 x PCR buffer, 2.5 mM MgCl2, 0.2 mM dNTPs, 0.2 µM forward and 

reverse primer. Thermal cycling was conducted at 94oC for 2 min, [94oC for 30 sec, 55oC for 30 sec, 
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72oC for 30 sec] x 25 cycles, followed by 72oC for 5 min. PCR products were resolved on 1.2% 

agarose gels in 1x TAE buffer, against 1kb DNA molecular weight standard (Invitrogen) and 

visualised by ethidium bromide (EtBr) staining and UV irradiation. 

 

3.1.4.2 DNA sequence analysis of SCARs across 7 Caricaceae species  

 

PCR fragments amplified from 7 species using SCAR primers PBK41R (Opk4_1r) and PBA115R 

(Opa11_5r) in section 3.1.4.1 were sequenced using BigDye version 3.1 sequencing system 

(Applied Biosystems), according to the manufacturer’s instructions.  

PCR products from V. cundinamarcensis and V. stipulata amplified with the PBK41R 

primer set were cloned prior to sequencing because the amplified band contained more than one 

unique DNA sequence. Direct sequencing from the PCR product for this DNA and primer 

combination otherwise gave a mixed chromatogram. The Taq polymerase used for PCR adenylated 

the 3’ end of the amplified strand, consequently the PCR product could be cloned directly into 

pGEM-T Easy vector (Promega), and the plasmid DNA purified using the protocol outlined in 

section 3.1.3.1. 

SCAR allele sequences for the 7 different species were aligned by ClustalW using MEGA 

version 3.0 (Kumar et al. 2004) and default gap opening and gap extension penalties. Separate 

alignments were constructed for the Opa11_5r and Opk4_1r sequences. Shaded multiple sequence 

alignment outputs were generated using BoxShade version 3.21 (Hofmann and Baron 2005).  

Phylogenetic and molecular evolutionary analyses of SCAR allele sequences for the 7 

different species were conducted using MEGA version 3.0 (Kumar et al. 2004). Separate Opa11_5r 

and Opk4_1r phylogenetic trees were constructed using the Unweighted Pair Group Method with 

Arithmetic Mean (UPGMA; Sneath & Snokal 1973) using default parameters. 

 

3.1.4.3 Southern blotting 

 

Digested genomic DNA of V. cundinamarcensis, V. parviflora and C. papaya was probed with 

radio labelled Opk4_1r via southern blotting. This region could not be amplified using the SCAR 

primers PBK41R in C. papaya line 2.001, and this experiment aimed to identify whether this region 

was in fact absent in this papaya cultivar. 

 Genomic DNA for each species was re-extracted from 0.5 g of fresh tissue using a 2% 

CTAB buffer in a 1:10 ratio with 1% N-lauryl sarkosine (sarkosyl) and 1% polyvinylpyrrolidone 

(PVP) following the method of Delaporta et al. (1983). Samples were handled gently to avoid 
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shearing of the genomic DNA. DNA quality and concentration was determined by electrophoresis 

on 0.7% agarose gels with 1 x TAE buffer against a 1kb DNA molecular weight standard 

(Invitrogen) and visualised by ethidium bromide (EtBr) staining and UV irradiation.  

 Ten micro grams of genomic DNA was digested in 400 µl total volume with Hind III (New 

England Biolabs) for each species according to the manufacturer’s instructions. Digested DNA 

was precipitated with 20 µg glycogen (Fermentas), 2.5 x volume of 100% ethanol and 0.1 x 

volume of 0.3 M NaOAc for 3 hr at -20oC, and centrifuged for 15 minutes at 4oC. Pelleted DNA 

was aspirated and dried at 55oC for 5 minutes. DNA was resuspended in 50 µl of TE buffer. To 

check completion of the digestion, 500 ηg (2.5µl) of sample was electrophoresed on a 0.7 % 

agarose gel in 1 x TAE buffer at 100 V for 1 hr. Restriction mapping using the ANGIS 

bioinformatics package indicated that the consensus site for this enzyme [A/AGCTT] was not 

present in the probe sequence. The recommended quantity of genomic DNA to detect a single copy 

sequence via southern hybridisation was estimated to be ca. 1 µg per 1x108 bp of genome sequence 

(Maniatis et al. 1983). The C. papaya genome is reported to be ca. 3.75x108 bp in length (Sondur et 

al. 1995), therefore at least 4 µg of genomic DNA for each sample was needed. 

 The Opk4_1r probe was amplified from V. cundinamarcensis genomic DNA as described 

in section 3.1.4.4. Twenty five ηg of PCR product and 0.1 ηg of 1 kb molecular weight standard 

(Invitrogen) was labelled with αP32dCTP (PerkinElmer) using the Rediprime II DNA Labelling 

System (Amersham Biosciences) according the manufacturer’s instructions. 

 Four micrograms of Hind III digested DNA (45 µl), was loaded into 1 cM diameter wells of 

a 12 x 20 cM 0.7% agarose gel prepared in 1 x TBE buffer. Samples were electrophoresed initially 

for 10 min at 190 V, followed by 18 hrs (overnight) at 55 V. The separated DNA was transferred to 

Hybond N+ membrane (Amersham Biosciences), dried and hybridised with the radio labelled probe 

and standard (prepared on the same day) according to the method of Maniatis et al. (1982).The 

hybridised blot was checked with a Geiger counter and bands visualised using the FLA5000 

phosphorimaging system (Fugifilm) 

 

3.1.4.4 Development of CAPS markers  

 

Codominant cleavage amplified polymorphic sequence (CAPS) markers diagnostic for the 

Opa11_5r and Opk4_1r V. cundinamarcensis SCAR allele in hybrids of V. cundinamarcensis and 

V. parviflora were developed, based on restriction digestion with enzymes SnabI and PsiI. 

Comparative restriction mapping of the Opk4_1r and Opa11_5r SCAR for V. cundinamarcensis and 
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V. parviflora was conducted using the ANGIS bioinformatics package. SCARs were amplified 

according to section 3.1.4.1. Restriction digestion of 20 µl of the Opk4_1r and Opa11_5r SCARs 

with PsiI and SnabI (New England Biolabs) respectively were prepared in 50 µl for both species 

and F2 hybrid individuals according to the manufacturer’s instructions. Twenty five µl of digested 

SCAR was electrophoresed on a 2% agarose gel in TAE buffer for 15 minutes against a 1kb DNA 

molecular weight standard (Invitrogen), and visualised by ethidium bromide (EtBr) staining and UV 

irradiation. 

 

3.2 Practical application of CAPS and SCAR markers 

 

3.2.1 Assessing CAPS marker segregation in the mapping population 

 

3.2.1.1 Scoring CAPS marker segregation 

 

The Opa11_5r and Opk4_1r CAPS markers were screened across 100 F2 individuals of the 

mapping population described in section 3.1.2.1, using the method described in section 3.1.4.4. 

Genotypes for both CAPS markers were scored as either A = homozygote for one parental allele, B 

= homozygote for the other parental allele , and H = heterozygote. Adherence of BSA markers to 

the expected segregation ratios was measured using the chi-square test according to section 2.2.2. 

 

3.2.1.2 Locating CAPS markers in the V. cundinamarcensis and V. parviflora linkage maps 

 

The codominant nature of the CAPS marker permitted mapping of the Opk4_1r and Opa11_5r 

alleles in both V. cundinamarcensis and V. parviflora. Segregation data for the V. cundinamarcensis 

RAF marker data set, previously mapped in section 2.2.4.1, was converted to the recognised 

Mapmaker codes for dominant markers, C/A = presence/ absence of the marker. CAPS marker 

segregation data were scored as A = homozygote for the V. parviflora allele, B = homozygote for 

the V. cundinamarcensis allele, and H = heterozygote. Construction of the V. cundinamarcensis 

linkage map from these data sets was achieved using the Mapmaker program (Lander et al. 1987), 

as described in section 3.1.2.4. Segregation data for the V. parviflora RAF marker data set, 

previously mapped in section 2.2.4.1, was converted to the recognised Mapmaker codes for 

dominant markers, C/A = presence/ absence of the marker. CAPS marker segregation data were 

scored as A = homozygote for the V. cundinamarcensis allele, B = homozygote for the V. parviflora 
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allele, and H = heterozygote. Construction of the V. parviflora linkage map from these data sets was 

achieved using the Mapmaker program (Lander et al. 1987), as described in section 2.2.4.1.  

 

3.2.2 Validating CAPS marker segregation using codominant SNP PCR markers 

 

3.2.2.1 Plant material 

 

SNP PCR was conducted for a selection of 10 resistant and 10 susceptible F2 individuals that, with 

the exception of one tree, were picked from the bulks (Table 3.0), and had all been screened with 

the Opa11_5r and Opk4_1r CAPS markers. 

 

3.2.2.2 SNP primer design 

 

Two allele specific primer sets were designed for each marker, one specific for the V. 

cundinamarcensis allele and the other for the V. parviflora allele. Specificity was achieved by 

incorporating one or more mismatches (a SNP or indel) in the extreme 3’ end of the allele specific 

primer, which was used in PCR with a primer that was conserved between the two alleles (Figure 

3.0 b; Table 3.1c). For Opa11_5r the conserved primer was in the forward direction, and for 

Opk4_1r the reverse primer was conserved. The expected fragment sizes ranged from 159 – 184 bp 

(Figure 3.0 b).  

 

3.2.2.3 SNP PCR 

 

Annealing temperature was optimised for each primer pair to ensure specificity of the allele specific 

primer. Reactions were conducted in a single step for both primer sets for each allele. Fragments 

were amplified using the same reaction conditions outlined in section 3.1.4.1. Annealing 

temperature was set to 53.5oC and 52.7oC for PCR using the Opa11_5r and Opk4_1r allele specific 

primers respectively. Multiplexing was not possible for these primer combinations. PCR products 

were resolved on 1.2% agarose gels in 1x TAE buffer, against a 1kb DNA molecular weight 

standard (Invitrogen) and visualised by ethidium bromide (EtBr) staining and UV irradiation.  The 

combined result for the two PCR reactions for each marker was used as a codominant marker. 

Individuals were scored as either A = homozygote for the V. parviflora allele, B =  homozygote for 

the V. cundinamarcensis allele or H = heterozygote depending on the combination of fragments 

amplified.  
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Figure 3.0b. a) Opa11_5r and b) Opk4_1r SNP primer locations. SNP and indel DNA 

polymorphisms incorporated into the allele specific primers are in bold and underlined. The V. 

parviflora allele specific primer sets are coloured blue and the V. cundinamarcensis allele specific 

primer sets are coloured yellow. 

 

 

3.2.3 Application of the Opk4_1r SCAR in V. quercifolia x C. papaya hybrids 

 

3.2.3.1 Plant materials 

 

Availability of several intergeneric hybrid progeny of V. quercifolia (PRSV-P resistant) and C. 

papaya (PRSV-P susceptible), from the original cross performed by Drew et al. (1998), provided an 

opportunity to examine whether this marker was linked to PRSV-P resistance in V. quercifolia. 

a) 

b) 
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Nine F1 and 14 first back cross generation hybrids, directly descended from 7 of the F1plants, were 

examined here (Table 3.10). Hybrid material was stored either at -80oC (leaves) or in in vitro 

culture. 

 

3.2.3.2 Amplification of Opk4_1r SCAR 

 

The Opk4_1r SCAR marker could be applied as a dominant marker to test for segregation of the V. 

quercifolia allele in the intergeneric hybrids because the fragment could not be amplified from C. 

papaya genomic DNA using the PBK41R primer set. DNA extraction, SCAR marker PCR and 

resolution of amplified products were conducted according to section 3.1.4.1. 

 

3.3 Functional characterisation of SCAR markers 

 

3.3.1 Translated sequence analysis 

 

Opk4_1r and Opa11_5r SCARs for the 7 Caricaceae species examined in section 3.1.4.1 were 

translated in all 6 frames using the Expasy online “translate tool” 

(www.au.expasy.org/tools/dna.html). The translated sequences were aligned by ClustalW using 

MEGA version 3.0 (Kumar et al. 2004) using default gap opening and gap extension penalties. 

Separate alignments were constructed for the Opa11_5r and Opk4_1r sequences. Shaded multiple 

sequence alignment outputs were generated using BoxShade version 3.21 (Hofmann and Baron 

2005). 

 

3.3.2 RNA expression analysis of SCAR markers 

 

3.3.2.1 Plant materials 

 

Healthy V. cundinamarcensis, V. parviflora and C. papaya plants growing at a field site in 

Redlands, Queensland (27o S, 153o E) were used as a source of genetic material for this study. 

 

3.3.2.2 Preparation of RNA 

 

Fresh leaves were collected, sealed in plastic bags and held on ice up to 1 hr prior to RNA 

extraction. RNA from V. cundinamarcensis, V. parviflora and C. papaya was extracted using 
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Trizol reagent (Invitrogen) following the manufacturer’s instructions with minor modifications. 

All equipment was pre-treated with an RNase decontaminating agent (RNase ZAP; Ambion), and 

TE buffer prepared using DEPC (Sigma-Aldrich) treated water. Tissue (1.5 g) ground in liquid 

nitrogen was vigorously homogenised in 1.5 ml of Trizol reagent for 3 minutes in a 2ml sterile 

centrifuge tube. The aqueous phase that separated following 10 min centrifugation at 4oC was 

cleaned with 0.2 ml of chloroform: isoamyl alcohol (24:1) (Sigma-Aldrich) and the supernatant 

precipitated with an equal volume of ice-cold isopropyl alcohol, followed by centrifugation for 10 

min at 4 oC. The RNA pellet was resuspended in 20 µl of TE buffer, and 2 µl quantified on a 

formamide agarose gel according to Sambrook et al. (2001). RNA from C. papaya was also 

extracted using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions, and 

2 µl quantified as before. 

 To eliminate potential DNA contamination, RNA extracts were treated with DNase I 

(RNase free; New England Biolabs) prior to RT-PCR. The amount of DNase required to 

completely digest 2 µg of genomic DNA was determined using 1 µl of DNase, diluted 1x10-1, 1x10-

2, (1x10-3)/2 and 1x10-3 in DNase dilution buffer [1 mM dithiothreitol (DTT), 10 mM MgCl2, 50% 

(v/v) glycerol, 50mM Tris pH 7.5], according to the manufacturer’s instructions. The digestion 

reaction was stopped by adding EDTA to 20 mM. Five µl of each digest was checked by 

electrophoresis for 50 min on a 0.7% agarose gel in 1 x TAE buffer. 

 

3.3.2.3 RT-PCR 

 

Separate first strand cDNA synthesis of Opk4_1r and Opa11_5r was conducted using Superscript 

II reverse transcriptase (Invitrogen), for RNA extracts of V. cundinamarcensis, V. parviflora and C. 

papaya, pre-treated with a 1/100 dilution of DNAse I according to section 3.3.2.2. According to the 

manufacturer’s instructions 200 units of Superscript II was combined with 1 x first strand buffer 

(Invitrogen), 10 mM DTT, 0.5 mM of each dNTP, 0.2 µM reverse PBK41R or PBA115R SCAR 

specific primer and 2.5 – 5 µg of RNA extract in a 20 µl cDNA synthesis reaction. The cDNA was 

used immediately for PCR. 

 For each species and SCAR marker 4 PCR reactions were prepared according to the 

conditions outlined in 3.1.4.1. The template for these 5 reactions consisted of 5 µl of one of the 

following: 1) DNase treated RNA (negative control), 2-3) cDNA prepared from first strand 

synthesis (test) and 4) genomic DNA (positive control). PCR products were resolved on 1.2% 
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agarose gels in 1x TAE buffer, against 1kb DNA molecular weight standard (Invitrogen) and 

visualised by ethidium bromide (EtBr) staining and UV irradiation. 
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Results 

 
3.4 Development of DNA markers for PRSV-P resistance  
 

3.4.1 Bulked Segregant Analysis 

 
Approximately 4200 dominant RAF markers were analysed across the resistant and susceptible 

bulks. This figure was based on an estimated 50 markers amplified per primer, for 70 primers. 

Partial profiles generated for primers Opa9, Opa8 and Opa7 amplified from the resistant and 

susceptible bulks are presented in Figure 3.1. Analysis of the bulk profiles for each primer revealed 

12 discrete polymorphisms unique to the resistant bulk (Table 3.2). Markers linked to the 

susceptible phenotype were not observed. Quality of the RAF profiles was dependant on the bulk 

DNA, and amplification products were generally less intense in the susceptible bulk. As a result,  

weak products often appeared to be absent in the susceptible bulk, and these were disregarded. 

Several markers, which are not shown, revealed strong polymorphism between the resistant and 

susceptible bulks, but were shown to result from variations in the proportion of marker genotypes in 

the DNA bulks after individuals were screened. A notable observation was that for 4 of the 6 

primers producing polymorphisms, two or more markers were identified in the bulk profiles (Table 

3.2). When screened over the resistant and susceptible bulk individuals, eleven of the markers 

presented in Table 3.2 were shown to be exclusive to the resistant bulk (Figures 3.2 and 3.3). 

Furthermore, markers Opa11_5R, Opa11_6R, Opk4_1R, Opk4_2R and Opb8_1R were detected in 

18 (100%) of the resistant individuals (Table 3.3b). Close association of these markers with the 

resistant phenotype implied that they were closely linked to the resistant genotype. The remaining 

markers segregated across the bulks and their linkage with the resistant phenotype was assumed to 

be weaker. The putatively linked RAF markers were not amplified in the PRSV-P resistant species, 

V. cauliflora, V. quercifolia and V. stipulata using primers OPA11, OPK4 and OPB8, except for 

Opa11_5r which was amplified in V. cauliflora, when tested in the parents of the cross and five 

additional Caricaceae species: V. cauliflora (PRSV-P resistant), V. quercifolia (PRSV-P resistant), 

V. gouditiana (PRSV-P susceptible),  V. stipulata (PRSV-P susceptible) and C. papaya (PRSV-P 

susceptible) (Figure 3.5).  None of the RAF markers identified in the bulks were amplified in the 

PRSV-P susceptible species. 
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Figure 3.1. (page 152). RAF amplification products for 

primers OPA9, OPA8 and OPA7 from left to right. 

Candidate marker Opa8_1R is indicated (blue arrow).  
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Table 3.2. Polymorphic RAF Markers identified in the PRSV-P resistant DNA bulk  

Primer Marker Amplified 
in Bulk 

Fraction of bulk genotypes 
carrying marker 

Resistant            Susceptible 
Opa2_1R Resistant 0.28 0 OPA2 
Opa2_2R Resistant 0.38 0 

OPA8 Opa8_1R Resistant 0.31 0 
Opa11_5R Resistant 1.0 0 OPA11 
Opa11_6R Resistant 1.0 0 

OPA16 Opa16_1R Resistant - 0 
OPB6 Opb6_1R Resistant 0.29 0 

Opb8_1R Resistant 1.0 0 
Opb8_2R Resistant 0.31 0 

OPB8 

Opb8_3R Resistant 0.31 0 
Opk4_1R Resistant 1.0 0 OPK4 
Opk4_2R Resistant 1.0 0 

 
 
 
Table 3.3. Segregation of candidate markers over bulk individuals 
a) 

Marker Bulk 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

OPA2_1R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPA2_2R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPB6_1R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPk4_1R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPk4_2R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPA11_5R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPA11_6R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPB8_1R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPB8_2R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPB8_3R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OPA8_1R S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 

b) 

Marker Bulk 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

OPA2_1R R 0 1 1 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 

OPA2_2R R 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 

OPB6_1R R 0 1 1 0 0 1 0 0 0 0 0 0 1 - 1 0 0 0 

OPk4_1R R 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OPk4_2R R 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OPA11_5R R 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OPA11_6R R 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OPB8_1R R 1 1 1 1 1 1 - 1 1 1 1 1 1 - 1 1 1 1 

OPB8_2R R 0 1 0 1 1 0 - 0 0 0 1 0 0 - 0 0 1 0 

OPB8_3R R 0 1 0 1 1 0 - 0 0 0 1 0 0 - 0 0 1 0 

OPA8_1R R 0 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 1 0 

Marker segregation is presented as 1 = presence, 0 = absence of the amplified product in RAF profiles 

for 32 bulk individuals, 14 susceptible (a) and 18 resistant (b).  
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Figure 3.2. RAF amplification products for primer OPK4 in V. cundinamarcensis (P1), V. 

parviflora (P2) and 16 resistant (R) and 14 susceptible (S) bulk individuals. Marker Opk4_1r is 

indicated (blue arrow). A faint fragment in the V. parviflora profile co-migrated with Opk4_1r in 

the hybrids (yellow arrow). 

 

 

  

 

 

Figure 3.3. RAF amplification products for primer OPA11 in 18 resistant (R) and 14 susceptible 

(S) bulk individuals. Parents not shown. Marker Opa11_5r (blue arrow) migrated independently. 
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3.4.2 Genetic mapping of candidate RAF markers 
 
 
Segregation data for the putative PRSV-P resistance markers (Opa11_5R, Opa11_6R, Opk4_1R, 

Opk4_2R and Opb8_1R) in the interspecific cross was used for genetic mapping (Figure 3.4). The 

RAF candidates were mapped with 77 polymorphic RAF markers and one phenotypic marker in V. 

cundinamarcensis at LOD 3.5 (Figure 3.6a). All five candidate markers mapped to the same region 

of linkage group 7 as the PRSV-P resistance gene locus (prsv-1) characterised in chapters 1 and 2. 

Four of these, Opa11_6r, Opk4_1r, Opk4_2r and Opb8_1r, were placed on the linkage map flanking 

prsv-1 at distances of 2.1, 5.4, 9.7, and 12.0 centimorgans (cM) respectively, whereas marker 

Opa11_5r co-located with the resistance gene locus. Except for Opb8_1r, these markers mapped 

with closer proximity to the prsv-1 locus than the randomly generated RAF markers, Opa15_8 and 

Pbw15_40, selected in Chapter 2.0 as potential markers for the resistant phenotype. Analysis of 

segregation ratios for these markers indicated that all five markers adhered to Mendelian principles 

of inheritance at the p > 0.05 level of statistical significance (Table 3.5). Segregation data for all 

candidate markers are presented in Table A3.1. Only marker which appeared in 100% of the 

resistant bulk individuals, and thus assumed to have strong linkages with the PRSV-P resistant 

genotype, were mapped. However, the inheritance of Opb8_2r and Opb8_3r could be examined 

simultaneously with Opb8_1r, since they were generated in the same profile. These marker loci co-

segregated in the bulks and mapping population, and were detected in only 1.4% of susceptible 

individuals in the mapping population (Table A3.1). When mapped in the F2 interspecific pedigree 

the duplex did not locate to the same linkage group as prsv-1 or the other bulk markers (Figure 

3.6b). Although identified in the resistant bulk, and present in only resistant individuals in the 

mapping pedigree, linkage of the Opb8 duplex to the PRSV-P resistance gene appear to be spurious.  

 

 
Figure 3.4. Resolved RAF products for primer OPK4 in a proportion of the F2 interspecific 

progeny. Segregation of marker Opk4_1r is indicated (blue arrow). Segregation of the faint marker 

from V. parviflora which co migrated with Opk4_ is also observed (yellow arrow). Marker Opk4_1r 

is missing from profiles for F2 individuals 1 (L15-12), 2 (L15-19), 3 (L15-21), 5 (L12-16), 14 (L12-

29A), 25 (L12-36) and  27 (L12-28A), which all exhibited the susceptible phenotype.  

 1    2    3   4    5   6   7    8   9  10  11  12  13  14  15  16   17 18   19  20  21  22  23  24  25 26   27  28  29  30  31   32  33   34  35  36 37 
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Figure 3.5. (following page) RAF amplification products for primer OPA11 in 6 Caricaceae 

species. The order of profiles is: 1. V. parviflora, 2. V. stipulata, 3. C. papaya, 4. V. 

cundinamarcensis, 5. V. goudotiana, 6. V. cauliflora, &. 7. V. quercifolia. Candidate marker 

Opa11_5r (blue arrow) was amplified in V. cundinamarcensis and V. cauliflora but not in the other 

5 species. Candidate marker Opa11_6r was only amplified in V. cundinamarcensis (red arrow). 

 

1    2   3   4   5   6    7 
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Figure 3.6. Linkage maps for V. cundinamarcensis linkage 

groups 7 a) and 9 b) with candidate PRSV-P resistance markers. 

Total cM length is indicated at the bottom of each group. 

 
 
 
 
 
 
 
 

a) b) 
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Table 3.4. Segregation statistics for prsv-1 and bulk markers in 100 F2 progeny 

Locus Marker     Fraction in 100 F2 progeny 
  D        B        RR      Rr       rr 

χ2 test 
statistic 

Fits ratio 
(at p < 0.05) 

prsv-1 Phenotypic  0.74 0.26 - - - 0.053 3:1 
PsiIk4  Codominant - - 0.14 0.59 0.27 5.86 1:2:1* 
SnabIa11 Codominant - - 0.30 0.54 0.16 4.38 1:2:1 
OPA11_5R Dominant  0.73 0.27 - - - 0.213 3:1 
OPA11_6R Dominant 0.75 0.25 - - - 0 3:1 
OPK4_1R Dominant 0.72 0.28 - - - 0.48 3:1 
OPK4_2R Dominant 0.70 0.30 - - - 1.33 3:1 
OPB8_1R Dominant 0.75 0.25 - - - 0 3:1 
OPB8_2R Dominant 0.01 0.99 - - - 0.01 0:1 
OPB8_3R Dominant 0.01 0.99 - - - 0.01 0:1 
OPA15-8 Dominant 0.76 0.24 - - - 0.06 3:1 
Pbw15-40 Dominant 0.76 0.24 - - - 0.03 3:1 

Critical value for χ2 test at P < 0.05 = 3.84. * χ2 test statistic was within the critical 

value (6.64) at the P < 0.01 level of significance. D=present, B=absent, RR= 

homozygous for V. cundinamarcensis allele (B), Rr=heterozygote (H) and rr= 

Homozygous for V. parviflora allele (A).  

 
 
 
 

                            

                            

 

 

 

Figure 3.7. RAF profiles for 

primers OPA11 (left) and OPK4 

(right) before (1) and after (2) 

excision of the candidate RAF 

markers Opk4_1r and Opa11_5r. 

Markers surrounding the excised 

bands could be labeled to confirm 

extraction of the correct band in 

each case.  

2     1                     2    1 
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3.4.3 Isolation of  and sequencing of Opa11_5r and  Opk4_1r candidate markers 

 
Template isolated from the excised re-hydrated RAF markers Opk4_1r and Opa11_5r (Figure 3.7), 

permitted amplification of discrete DNA fragments of approximately 350 and 250 nucleotides (bp)  

in length respectively, following standard PCR with the original 10mer RAF primers (Figure 3.8).  

DNA sequencing of the cloned PCR products using a universal primer (M13) revealed the precise 

length of the marker alleles to be 348 and 257 bp for Opk4_1r and Opa11_5r respectively. The 

sequence characterised amplified region (SCAR) for both markers are presented in Figure A3.2. 

A protein sequence database search using the Basic Local Alignment Search Tool 

(BLASTx) (Altschul et al. 1990), indicated that both the Opa11_5r and Opk4_1r SCARs showed 

homology to annotated proteins (Table 3.5). Forty six database hits were identified for marker allele 

Opk4_1R, and 27 of these (59%) were of the small nuclear ribonuclear class of proteins (snRNP). 

Opk4_1r showed most similarity with a small nuclear ribonuclear protein from Solanum tuberosum 

(potato), accession number CCA90282.1, with a similarity score of 50.4 (Table 3.5). Twenty five 

sequence hits were identified for Opa11_5r, and 21 of these (84%) were classed as protein kinases. 

The greatest similarity was between Opa11_5r and a putative serine/threonine protein kinase from 

Oryza sativa (rice), accession number BAD72247, with a similarity score of 52.8 (Table 3.5).   

 

 

 

              

 

 

 

 

 

  

 

Figure 3.8. PCR fragments amplified 

from the isolated RAF markers Opk4_1r 

(2-5), and Opa11-5r (6-7) against 1kb 

DNA size marker (1), resolved on 1.2% 

agarose in 1x TAE.  
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Table 3.5. Summary of DNA and translated nucleotide BLAST hits for Opk4_1r and Opa11_5r 

Marker Protein hit Species Accession no. Score 

Opk4_1r U1snRNP-specific protein, U1A Solanum tuberosum 
(potato) 

CAA90282.1 50.4 

Opk4_1r Small nuclear ribonucleoprotein 
polypeptide  

Mus musculus (mouse) AAH96648.1 43.5 

Opk4_1r Small nuclear ribonucleoprotein 
polypeptide  

Mus musculus (mouse) NP_056597 43.5 

Opk4_1r Similar to U1 snRNP protein, A Canis familiaris (dog) XP_533663 42.0 

Opk4_1r Putative small nuclear 
ribonucleoprotein U1A 

Oryza sativa (rice) NP_910157 42.0 

Opa11_5r Putative serine/threonine kinase Oryza sativa (rice) BAD72247.1 52.8 

Opa11_5r Putative protein kinase Arabidopsis thaliana CAB80025 51.6 

Opa11_5r Protein kinase Raphanus sativus 
(raddish) 

BAC76896.1 51.6 

Opa11_5r Putative protein kinase Oryza sativa (rice) AAP54266 48.9 

Opa11_5r Protein kinase MK6 Mcrystallinum (iceplant) CAB82852 47.0 

Opk4_1r Small nuclear ribonucleoprotein 
(rnp-2) 

Caenorhabditis elegans NM_068103.1 56.0 

 

Opk4_1r U1 snRNP-specific protein A Xenopus laevis X57953 52.0 

Opk4_1r mRNA for U1snRNP-specific 
protein (U1A) 

Solanum tuberosum 
(potato) 

Z49990 50.1 

Opk4_1r mRNA for U1snRNP-specific 
protein (U1A) 

Arabidopsis thaliana Z49991 40.1 

Opa11_5r BAC clone RP24-472D8 Mus musculus (mouse) AC133157.1 52.0 

Opa11_5r DNA sequence from clone RP23-
230H3 on chromosome 2 

Mus musculus (mouse) AL844569.4 52.0 

Opa11_5r Chromosome 5 clone 
OSJNBa0077J17 

Oryza sativa (rice) AC136221.2 50.1 

Opa11_5r Genomic DNA, chromosome 5 Oryza sativa (rice) AP008211.1 50.1 

The highest scoring hits are presented for the most common predicted proteins, and for the Opk4_1r 

DNA BLAST. The top 4 hits are presented for Opa11_5r DNA BLAST.  
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Figure 3.9. Amino acid alignment between marker and highest scoring BLASTx hit. The top 

sequence in a) Opa11_5r and b) Opk4_1r is the marker or ‘query’ and the bottom sequence is the  

database hit or ‘subject’. Amino acid homology is indicated by shading. Amino acid alignment 

positions are indicated by numbers flanking each row. In the case of Opk4_1r alignment was 

identified in the 3’ – 5’ direction. 

 

 

 

 

A query of the DNA sequence database using BLASTn produced several matches which were 

consistent with a snRNP or protein kinase, though the number of homologous sequences  was not as 

high as for BLASTx. For marker Opk4_1r six hits corresponded to snRNP’s whose similarity 

scores ranged from 56.0 – 40.1 (Table 3.5). Several significant hits were produced for the Opa11_5r 

nucleotide sequence however these were mostly hypothetical proteins or clones (Table 3.5). 

Amino acid alignments for the top BLASTx hits for each marker are presented in Figure 3.9 

a and b. The Opa11_5r alignment consisted of a continuous stretch of 30 amino acids (a). In the 

case of Opk4_1r, amino acid alignment was identified in two separate regions of the marker 

sequence, which were separated by a 33 amino acid stretch (b). Since the marker sequences were 

amplified from genomic DNA it is possible that the alignment gap observed for Opk4_1r represents 

an intron or untranslated region.  
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3.4.4 SCAR marker analysis in six Vasconcellea species and C. papaya 

 

3.4.4.1 Detection of marker region by PCR and southern blotting 

 

The Opk4_1r and Opa11_5r SCAR markers were amplified from plasmid (pGEM-T with marker 

insert) and genomic template of V. cundinamarcensis using specific primers designed from the ends 

of the DNA sequences obtained in section 3.0 (Figure 3.10; Table 3.1). Subsequent PCR 

amplification, using SCAR primer sets A (Opk4_1r) and B (Opa11_5r), from genomic template of 6 

Vasconcellea species, F1 and F2 interspecific hybrid progeny of V. cundinamarcensis and V. 

parviflora and C. papaya revealed the SCAR region was present in all the wild species, their 

hybrids and in the case of OPA115R in C. papaya (Table 3.6; Figure 3.11). The OPK41R primer 

pair (A) did not initiate amplification of any regions from C. papaya (cultivar 2.001) genomic DNA 

indicating that this region may represent an insertion/ deletion (indel) polymorphism between 

Carica papaya and the Vasconcellea species examined at this locus.  

 

 

 

 

 
 
 
 
 
 
 

 

Figure 3.10. Opk4_1r 

SCAR products amplified 

from the pGEM-T 

plasmid with using SCAR 

primer set PBK41R F/R 
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Table 3.6. Detection of SCARs in Vasconcellea species and C. papaya by PCR 
Species SCAR PCR amplified 

         Opk4_1r                Opa11_5r    
Fragment Size (bp) 

Opk4_1r         Opa11_5r     

V. cundinamarcensis Yes* Yes 360, 348 257 
V. parviflora Yes Yes 379 257 
V. quercifolia Yes Yes 372 257 
V. cauliflora Yes Yes 360 257 
V. stipulata Yes* Yes 379, 371 255 
V. gouditiana Yes Yes 361 257 
C. papaya Yes No - 261 

* Two unique alleles of slightly different sizes were identified in these species 
 
 
 
 
 
 
 

 

 

a) 

 

 

b) 

Figure 3.11. Amplification of Opa11_5r (a) and Opk4_1r (b) SCAR markers from 6 Vasconcellea 

species and C. papaya.  V. cundinamarcensis ((a) 1-2, (b). 1), V. parviflora ((a). 5-6, (b). 3), V. 

stipulata ((a). 7-8, (b). 4), V. cauliflora ((a). 9-10, (b). 5), V. quercifolia ((a). 11-12, (b). 6), V. 

goudotiana ((a). 13-14, (b). 7) & C. papaya ((a). 3-4, (b). 2).  

 1        2        3       4        5       6        7       8        9      10     11      12     13      14 

  1         2           3          4          5          6         7        
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Southern blotting using the Opk4_1r fragment as a radio labelled probe for DNA hybridisation was 

conducted to verify whether the Opk4_r1 fragment was absent in C. papaya. Restriction digestion 

of genomic DNA from V. cundinamarcensis, V. parviflora and C. papaya with Hind III produced 

distinct restriction profiles (Figure 3.12a). Intensely stained bands in the restriction profiles were 

observed and may represent regions of highly repetitive DNA sequence. The hybridised blots, 

although faint, indicated that a homologous region to Opk4_1r was present in C. papaya as well as 

the wild species. The Opk4_1r probe hybridised to a high copy number, high molecular weight 

restriction fragment (9162bp) in V. cundinamarcensis, V. parviflora and C. papaya (Figure 3.12b). 

From this result it was also evident that more than one copy of  the Opk4_1r sequence was present 

in V. cundinamarcensis, since the probe hybridised to a second restriction fragment at 11,198 bp. 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. a) HindIII digest  of V. cundinamarcensis (1), V. parviflora (2) and C. papaya (3) resolved 

on 0.7% agarose against 1kb DNA standard; b) result of southern hybridisation of p32 labeled Opk4_1r 

probe to the HindIII blot for V. cundinamarcensis (1), V. parviflora (2) and C. papaya (3). The probe 

hybridised to all three templates at 9162 bp. A unique band appeared in  V. cundinamarcensis at 11,198 

bp. 

(b) 

        1     2     3 
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3.4.4.2  Comparison  of  marker allele between species 

 

3.4.4.2.1 DNA sequencing of amplified SCAR fragments 

 

DNA sequencing of the Opk4_1r and Opa11_5r PCR products confirmed that the same region was 

amplified in all the wild species, except Opk4_1r which was not amplified in C. papaya. DNA 

sequence alignments for 7 species and 16 alleles are presented in Figure 3.14 a and b. Variation in 

size of the amplified products for the different species was initially apparent from the differential 

migration of PCR products during long agarose gel electrophoresis. Comparison of the SCAR 

sequences across 7 species revealed several polymorphisms, both single nucleotide polymorphisms 

(SNP) and insertion/ deletions (indel), which resulted in variable fragment lengths (Table 3.6; 

Figure 3.14a and b). The frequencies of SNP and indel polymorphisms based on the total SCAR 

consensus sequence were 10% and 1% for Opk4_1, and 9% and 2.3% in Opa11_5r respectively. 

Frequencies for individual SNPs and their position in the SCAR consensus are presented in Figure 

3.28a and b, and Table 3.7. This included a simple sequence repeat [AAG] of variable number in 

the OPK41R SCAR. Cloning and sequencing of the Opk4_1r PCR product amplified in V. 

cundinamarcensis and V. stipulata revealed that two marker alleles were present at this locus in 

both species. This was initially evident from the sequencing chromatograms which consisted of 

mixed peaks. In V. cundinamarcensis a 9 nucleotide indel near the 5’ end of the Opk4_1r allele 

resulted in allele sizes of 348 bp (allele 1) and 360 bp (allele 2) (Figure 3.13b). The V. stipulata 

alleles were distinguished by variable length of an AAG repeat near the 3’ end of the Opk4_1r 

allele (Figure 3.13a), resulting in alleles of 371 bp (allele 1) and 379 bp (allele 2) bp. For the other 

species and primer combinations analysed only one marker allele was detected by DNA sequencing.  

 

 

 Figure 3.13. Alternative alleles for the Opk4_1r marker in V. cundinamarcensis and V. stipulata 
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Figure 3.14. a) DNA sequence alignment of Opk4_1r alleles for 6 

Vasconcellea spp.  
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Figure 3.14. b) DNA sequence alignment of Opa11_5r alleles for 6 

Vasconcellea species. and Carica papaya 

 

 

Figure 3.14. Sequence homology, single nucleotide polymorphisms and 

insertion deletions (indels) are indicated by base pair (bp) shading, where 

black represents 100% homology, and white indicates one or more bp 

difference. The bp number in the contig is presented on the left hand side of 

each row. Both alleles for V. cundinamarcensis and V. stipulata are 

presented.  
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Table 3.7. Frequency (f) of SNPs and indels in the Opa11_5r and Opk4_1r SCAR  

Opa11_5r Opk4_1r SNP 

Nucleotide change bp pos. f Nucleotide change bp pos. f 

1 INDEL (GGA) 22-24 0.14 C/T 53 0.38 

2 C/G 29 0.14 G/T 56 0.13 

3 T/C 40 0.14 A/C 59 0.13 

4 G/A 55 0.29 C/T 62 0.5 

5 A/G 58 0.14 A/G 66 0.25 

6 G/A 73 0.14 C/A 85 0.13 

7 T/C 97 0.14 G/T 88 0.13 

8 C/G 138 0.14 A/T 106 0.13 

9 INDEL (TTTAGTA) 141-147 0.14 C/T 107 0.13 

10 G/C 149 0.29 INDEL (AGGAGT/(G)AA/(T)TA) 130-139 0.5 

11 -/C 152 0.14 G/T 135 0.25 

12 G/A/- 153 0.14 T/A 137 0.25 

13 A/T 159 0.14 C/A 152 0.13 

14 T/A 164 0.43 G/T 160 0.13 

15 C/G 170 0.29 A/G 164 0.13 

16 A/G 172 0.14 A/G 207 0.13 

17 G/A 174 0.29 G/A 216 0.13 

18 T/C 180 0.14 G/C 231 0.13 

19 T/G 188 0.29 T/G 249 0.13 

20 G/C 201 0.43 T/G 268 0.13 

21 G/T 203 0.14 T/G 281 0.13 

22 C/T 206 0.14 G/T 284 0.13 

23 C/T 218 0.14 A/G 293 0.25 

24 G/C 233 0.14 T/A 297 0.13 

25 - - - A/C 305 0.38 

26 - - - A/C 306 0.38 

27 - - - INDEL (GAA) 307-309 0.13 

28 - - - INDEL (GAAGAA) 310-315 0.25 

29 - - - INDEL (GCC) 316-318 0.38 

30 - - - T/G 322 0.25 

31 - - - INDEL (TTGAAGGTGAAG) 324-335 0.88 

32 - - - T/G 338 0.25 

33 - - - C/G 343 0.13 

34 - - - G/A 346 0.13 

35 - - - G/A 347 0.13 

36 - - - T/C 348 0.13 

37 - - - T/G 353 0.25 

38 - - - C/G/- 356 0.13 

39 - - - T/A 359 0.13 
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3.4.4.2.2 Phylogenetic analysis of SCAR sequences 
 

Marker allele sequence data were used to estimate the level of genetic variation between the 

amplified regions for 7 Caricaceae species. Phylogenetic UPGMA trees for both markers measured 

in percentage of nucleotide differences are presented in Figure 3.15. As expected, the Vasconcellea 

species exhibited greater similarity when compared with C. papaya for the Opa11_5r SCAR. 

Comparison of the Opk4_1r SCAR within Vasconcellea was possible, though distance data 

conflicted with estimations obtained for Opa11_5r.  

 

 

 

Figure 3.15. UPGMA trees constructed from genomic sequence data for a) Opk4_1r and b) 

Opa11_5r SCARs in 6 Vasconcellea species and C. papaya. Relative genetic distances are in 

percent nucleotide differences. 
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3.4.3 Development of diagnostic codominant CAPS and SNP markers for PRSV-P resistance 
 
 
Codominant cleavage amplified polymorphic sequence (CAPS) markers were developed for the 

Opa11_5r and Opk4_1r alleles, that permitted genotyping of V. cundinamarcensis x V. parviflora 

hybrids at these loci.  

 

3.4.3.1 Opk4_1r CAPS marker 

 

Sequence alignment of the V. cundinamarcensis and V. parviflora Opk4_1r alleles revealed a single 

nucleotide polymorphism (SNP) within a recognition site for restriction enzyme PsiI 

[5’T(T/C)A/TAA3’] (Figure 3.16a). The T/C SNP was positioned 108bp from the 5’ end of both V. 

cundinamarcensis (T) and V. parviflora (C) alleles. Treatment of the Opk4_1r SCAR PCR products 

from both species afforded unique restriction profiles when resolved on a 2.0% agarose gel (Figure 

3.17a). In V. cundinamarcensis, two bands were produced by digestion, one of 108bp and second 

consisting of a mixture of indistinguishable fragments, 240 bp (allele 1) and 252 bp (allele 2) in 

length, resulting from the alternate OPK41R alleles (Figure 3.17a, lane 1). A single undigested band 

379bp in length was obtained following treatment of V. parviflora with the same enzyme (Figure 

3.17a, lane 2). The cleavage amplified polymorphic sequence (CAPS) marker, named PsiIk4, 

exhibited codominant inheritance when examined in known PRSV-P resistant and susceptible 

hybrids of V. cundinamarcensis and V. parviflora (Figure 3.17a, lanes 3-12). Using this model, 

individuals with a single 372 bp band were classed homozygous for the V. parviflora allele (A), a 

108 bp, and a 240 or 252 bp bands as homozygous for the V. cundinamarcensis allele (B), and a 108 

bp, a 240 or 252 bp and 372 bp bands as heterozygous (H). This permitted discrimination between 

plants that were heterozygous or homozygous for the PRSV-P resistance gene, which is in close 

association with the V. cundinamarcensis derived marker allele Opk4_1r. This also indicated that 

susceptible plants were  homozygous for the V. parviflora Opk4_1r allele, which is not linked to the 

PRSV-P resistance gene. 

  

3.4.3.2 Opk4_1r CAPS marker 

 

A similar strategy was employed to develop a CAPS marker based on the Opa11_5r SCAR marker. 

A restriction site for enzyme SnaB-I was shown to be polymorphic between V. parviflora and V. 

cundinamarcensis following sequence alignment of the alleles (Figure 3.17b). The casual 

polymorphism was a G/C SNP positioned 142 bp from the 5’ end of the V. cundinamarcensis (C)  
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Figure 3.16.                  

 

 

 

 

 
 

 

 

and V. parviflora (G) alleles. Digestion of the Opa11_5r SCAR with SnaB I [5’TAC/GTA3’] 

yielded unique restriction profiles for V. cundinamarcensis, which gave one 257 bp band, and V. 

parviflora, which gave a 141 bp and 116 bp fragment when resolved on 2% agarose gels (Figure 

3.17b, lanes 1 and 2). A feature of this method which was not observed following digestion of the 

Opk4_1r SCAR was that the digested bands were diffuse. This was partly expected for the V. 

parviflora allele, since the digested bands were both small (< 140bp) but would migrate at slightly 

different rates during electrophoresis, thus may appear as a mixture of overlapping fragments. 

However the V. cundinamarcensis allele similarly appeared diffuse. This effect was not eliminated 

by using higher percentage agarose 2.5-3%. The cleavage amplified polymorphic sequence (CAPS) 

marker, named SnabIa11, exhibited codominant inheritance when examined in known PRSV-P 

resistant and susceptible hybrids of V. cundinamarcensis and V. parviflora. Individuals with a single 

257 bp band were classed homozygous for the V. cundinamarcensis allele (B), a 141 or 116 bp band 

as homozygous for the V. parviflora allele (A), and a 257 and 241 or 116 bp band as heterozygous 

(H). However low resolution of the bands made genotyping difficult. Despite this weakness, the 

bulk individuals were genotyped with SnabIa11. According to interpretation of the restriction 

profiles, the codominant marker did not cosegregate with PRSV-P resistance in these individuals 

(Figure 3.17b, lanes 5 to 14). 

 

a) Sequences: 1 = V. cundinamarcensis allele 1, 2 = V. cundinamarcensis allele 

2 and 3 = V. parviflora. Psi I site TTA/TAA is absent in V. parviflora due to a 

SNP at 107 bp.  

b) Sequences: 1 = V. parviflora and 2 = V. cundinamarcensis. SnaB I 

TAC/GTA site is absent in V. cundinamarcensis due to a SNP at 142 bp.  
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Figure 3.17. a) PsiIk4 CAPS marker tested in V. cundinamarcensis (1), V. parviflora (2) and 

known resistant (lanes 3-8 in order: L12-12 (H), L11-14 (H), L8-06 (H), L6-05 (B), L5-06 (H) & 

L2-02 (H)) and susceptible (lanes 9-12 in order: L15-07 (A), L17-05 (A), L5-04 (A) & L17-27(A)) 

F2 interspecific progeny of these species. b) SnabIa11 CAPS marker tested in V. cundinamarcensis 

(1-2), V. parviflora (3-4), resistant F2 progeny (lanes 5, 6, 8, 10, 11 & 13 in order: L17-21A (H), 

L17-19A (H), L17-08 (B), L17-28 (B), L17-08A (H), L17-25* (A)), and susceptible F2 progeny 

(lanes 7, 9, 12 & 14 in order: L17-35 (A), L17-33* (H), L17-24* (H) & L17-27* (H)). Letter codes 

H = heterozygote, B = homozygote for V. cundinamarcensis alleles (resistant) and A = homozygote 

for V. parviflora alleles (susceptible). Individuals in which SnabIa11 did not predict the correct 

phenotype are marked with an asterisk (*). 

 

3.5 Practical application of CAPS and SCAR markers  
 

3.5.1 Screening CAPS markers in the mapping population 

 

The capacity of both CAPS for accurate genotyping was tested further in the F2 mapping 

population. PsiIk4 accurately predicted PRSV-P resistant and susceptible phenotypes 99% of the  

time, whereas SnabIa11 predicted the correct phenotype only 70% of the time (Table 3.8).The chi-

square test statistic for segregation of PsiIk4 and SnabIa11 was 5.86 and 4.38 respectively (Table 

3.4), indicating that segregation for both markers fitted 1:2:1, thus behaving as expected for a  

a) 

b) 
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Table 3.8. Accuracy of markers for PRSV-P resistant genotypes 

Marker Fraction correctly 
predicted in F2 progeny 

Accuracy for phenotype 
prediction (%) 

Agreement between 
markers (%) 

PsiIk4 96/97 99 % 

Opk4_1r 92/97 95 % 

96 % 

SnabIa11 66/94 70 % 

Opa_115r 97/97 100 % 

70 % 

 

 

 

codominant marker. Genotypes were slightly skewed towards homozygotes for the V. parviflora 

allele and V. cundinamarcensis allele for Opk4_1r and Opa11_5r respectively (Table 3.4).  

 

3.5.2 Linkage mapping of CAPS markers 

 

Linkage analysis using segregation data for the codominant CAPS markers in the mapping 

population enabled them to be assigned to linkage groups in the V. cundinamarcensis and V. 

parviflora linkage maps (Figure 3.18a and b). PsiIk4 mapped in V. cundinamarcensis to linkage 

group 7 within 2 cM of the dominant PRSV-P resistance gene prsv-1, at LOD 3.5 and maximum 

allowable recombination 0.4. The codominant marker mapped closer to prsv-1 than the RAF marker  

(Opk4_1r) that corresponded to the same allele. This is because accuracy for genotyping PRSV-P 

resistant individuals was greater for the codominant marker than for the RAF marker (Table 3.8). 

Positions of the candidate RAF markers and three additional markers (PbW15_58, PbW15_40 & 

OPA15_08) which were closely associated with prsv-1 in the first map of LG7, remained 

unchanged with respect to prsv-1 when re-mapped with PsiIk4 (Figure 3.18a). The genetic distances 

for these markers were only slightly affected by addition of PsiIk4. Conversely the positions of 

outlying markers with less robust linkage to the prsv-1 locus showed some rearrangement following 

addition of PsiIk4. The V. parviflora homologue of V. cundinamarcensis linkage group 7 was 

identified by mapping the null marker allele (V. parviflora Opk4_1r allele) using the codominant 

PsiIk4 marker. PsiIk4, which is linked to the prsv-1 null locus in V. parviflora, mapped to the end of 

V. parviflora linkage group 10 within 47.2 cM of marker PaBB18_28b (Figure 3.18b). Linkage of 

PsiIk4 appeared to be weaker in V. parviflora than in the V. cundinamarcensis map, in which PsiIk4 
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was flanked by markers at 2.0 and 3.9 cM (Figure 3.18a). This does not however imply that 

PsiIk4’s linkage to group 10 is spurious. Finer mapping of the codominant marker in V. 

cundinamarcensis would naturally have resulted from selective addition of markers closely 

associated with prsv-1. Also, fewer markers were mapped in V. parviflora in total, which in Chapter 

2.0 was shown to represent a smaller percentage of the  hybrid genome than the V. 

cundinamarcensis map. Screening a larger number of markers in V. parviflora would improve 

resolution of the prsv-1 null locus identified on linkage group 10. 

SnabIa11 mapped in V. cundinamarcensis to linkage group 5 flanked by markers  

OPB10_15 and OPA15_15 within 26.8 cM and 8.9 cM respectively at LOD 3.5 and maximum 

allowable recombination 0.4 (Figure 3.19a). This marker did not map to the same LG as prsv-1, 

however the dominant RAF marker (Opa11_5r), from which SnabIa11 was designed, collocated 

with prsv-1 (Figure 17.0a). The V. parviflora homologue of V. cundinamarcensis linkage group 5 

a)  b) 

Figure 3.18. a) Genetic linage maps of V. 

cundinamarcensis chromosome 7 with PsiIk4, and b) its 

homologous chromosome (LG 10) in V. parviflora. Total 

cm length is indicated at the bottom of each group. 
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was identified by mapping the null marker allele (V. parviflora Opa11_5r allele) using the 

codominant SnabIa11 marker. SnabIa11 mapped to the end of V. parviflora linkage group 3 within 

15.9 cM of markers OPA15_12 and OPB8_15 (Figure 3.19b). 

 

3.5.3 Validation of CAPS markers using codominant SNP PCR  markers  
 

Genotyping a subset of known resistant and susceptible F2 hybrids of V. cundinamarcensis, using 

primer pairs that were specific for the different V. cundinamarcensis and V. parviflora marker 

alleles for Opk4_1r and Opa11_5r, was used to confirm the genotypes determined using the 

codominant CAPS markers. This method provides an alternative means for marker genotyping, 

conducted in a single PCR step for each allele. The combined results of two PCR reactions, for  

 

 

          

Figure 3.19. a) Genetic linage maps of V. cundinamarcensis 

chromosome 5 with SnabIa11, and b) its homologous 

chromosome (LG 3) in V. parviflora. Total cM length is 

indicated at the bottom of each group. 

a) b) 
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each allele, were used as a codominant marker, demonstrating heterozygosity or homozygosity of 

the individual genotypes. The Opk4_1r primer set produced two different sized fragments for each 

allele (Figure 3.20a). For V. cundinamarcensis a 272 or 260 bp fragment was amplified (different 

sizes representing the two Opk4_1r alleles for V. cundinamarcensis) that were not distinguishable 

on 2.0% agarose gels, and in V. parviflora a 221 bp fragment (Figure 3.20a). Similarly for the 

Opa11_5r primer set a  184 bp and 159 bp fragment was amplified in V. parviflora and V. 

cundinamarcensis respectively (Figure 3.20b). The specificy of both primer set was dependant on 

unique polymorphisms between the opk4_1r alleles. When applied in 20 F2 individuals the Opk4_1r 

primer set identified the same genotypes as PsiIk4  in all cases (Table 3.9). Some discrepancy was 

observed between the genotypes predicted using the Opa11_5r allele specific primer set and 

SnabIa11. The same genotype was predicted for eight out of 10 the individuals tested with both 

SnabIa11 and the Opa11_5r allele specific primer set (Figure 3.2b & Table 3.9). The 20% 

discrepancy may have resulted from incorrect interpretation of the SnabIa11 profiles which were 

diffuse and may be unreliable. Based on the general consistency of the results for both genotyping 

methods, and the fact that the Opa11_5r allele specific primer set did not consistently match the 

PRSV-P resistant phenotype in an additional 10 F2 individuals from the DNA bulks not screened 

with SnabIa11,  it appears that the Opa11_5r SCAR did not segregate as expected with the PRSV-P 

resistant phenotype.  
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Figure 3.20. 

 

 

Figure 3.20. a) Results of Opk4_1r allele genotyping using SNP and indel sensitive primers. Top row 

displays results from PCR with V. parviflora allele specific primers. Bottom row displays results of PCR 

with V. cundinamarcensis allele specific primers. Susceptible F2 individuals (lanes 1-10 in order: L15-

20 (A), L17-03 (A), L8-12 (A), L15-03 (A), L16-03 (A), L17-01A (A), L17-17A (A), L5-04 (A), L17-

05 (A) , L15-07 (A)). Resistant F2 individuals (lanes 11-19 in order: L2-02 (H), L5-06 (H), L12-2B (B),  

L12-30 (H), L15-25 (H), L16-07 (H), L17-29 (H), L17-34 (H), L13-03 (H)). Lane 20 V. parviflora (A) 

and lane 21 V. cundinamarcensis (B). b) Results of Opa11_5r allele genotyping using SNP and indel 

sensitive primers. Top row displays results from PCR with V. parviflora allele specific primers. Bottom 

row displays results of PCR with V. cundinamarcensis allele specific primers. Susceptible F2 

individuals (lanes 1-9 in order: L17-5* (H), L17-03* (H), L15-20* (H), L15-07 (A), L17-01A* (H), 

L16-03* (H), L8-12* (H), L15-03* (H) & L17-17A* (B). Resistant F2 individuals (lanes 10-20 in order: 

L2-02* (A), L16-07 (H), L17-34 (PCR failed), L12-02B* (A), L13-03 (B), L17-07A (H), L17-02A (B), 

L15-25 (H), L12-30 (H) & L5-06 (H). Individuals in which SnabIa11 did not predict the correct 

phenotype are labelled *. Letter codes H = heterozygote, B = homozygote for V. cundinamarcensis 

alleles (resistant) and A = homozygote for V. parviflora alleles (susceptible). Individuals in which 

SnabIa11 did not predict the correct phenotype are labelled *.  
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Table 3.9. Cross comparison of 3 marker types, RAF, CAPS and SNP, for genotyping PRSV-P resistant individuals 

RAF RAF CAPS CAPS OPA115R SNP OPK41R SNP # F2 plant PRSV 

Opa11_5r a Opk4_1r a SnabIa11 b PsiIk4b pa allele c pb allele c SNP genotyped pa allele c pb allele c SNP genotyped 

1 L15-17 S B B H A - - - - - - 

2 L15-20 S B B H A B D H D B A 

3 L17-03 S B B B A D D H D B A 

4 L17-38 S B B B A - - - - - - 

5 L8-12 S B B - A D D H D B A 

6 L15-03 S B B H A D D H D B A 

7 L16-03 S B B - A D D H D B A 

8 L17-01A S B B H A D D H D B A 

9 L17-17A S B B B A B D B D B A 

10 L17-24 S B B H A - - - - - - 

11 L17-27 S B B H A - - - - - - 

12 L5-04 S B B - A - - - D B A 

13 L17-05 S B B B A D D H D B A 

14 L15-07 S B B A A D B A D B A 

15 L2-02 R D D - H D B A D D H 

16 L5-06 R D D - H D D H D D H 

17 L6-05 R D D - B - - - - - - 

18 L8-06 R D D - H - - - - - - 

19 L11-14 R D D - H - - - - - - 

20 L12-12 R D D H H - - - - - - 

21 L12-24 R D D H H - - - - - - 

22 L12-2B R D D - B D B A B D B 

23 L12-30 R D D - H D D H D D H 

24 L12-33 R D D H H - - - - - - 

25 L14-26 R D D - H - - - - - - 

26 L14-5A R D D - H - - - - - - 

27 L15-25 R D D H H D D H D D H 
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Table 3.9. Continued. 

RAF RAF CAPS CAPS OPA115R SNP OPK41R SNP # F2 plant PRSV 

Opa11_5r a Opk4_1r a SnabIa11 b PsiIk4b pa allele c pb allele c SNP genotyped pa allele c pb allele c SNP genotyped 

28 L16-07 R D D - H D D H D D H 

29 L17-29 R D D B H B D B D D H 

30 L17-34 R D D B H - - - D D H 

31 L11-7 R D D - H       - - - 

32 L13-3 R D D - H B D B D D H 

33 17-7A* R D D H H D D H D D H 

Comparison of markers developed for genotyping PRSV-P resistant hybrids of V. cundinamarcensis in 33 F2 interspecific 

hybrids.  Plant phenotype is indicated as either R = resistant or S = susceptible.  Dominant RAF markersa are scored as D = 

presence and B = absence. Codominant marker genotypesb are scored as A = homozygous parviflora marker allele, B = 

homozygous cundinamarcensis marker allele and H = heterozygous. Dominant SNP markersc are scored as D = presence 

and B = absence of the respective species marker allele for both OPA115R and OPK41R amplified with specific primers. 

The combined SNP marker results for pa (V. parviflora) and pb (V. cundinamarcensis) are codominant, and the SNP 

genotypesd are scored as A = homozygous parviflora marker allele, B = homozygous cundinamarcensis marker allele and H 

= heterozygous. Plants 1-32 are were taken from the susceptible and resistant bulks respectively (Table 1.0). * plant 33 was 

not from the bulks, but is know to be PRSV-P resistant (Appendix 3.0, Table 1.0), and was used in SNP primer testing. 
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3.5.4 Application of Opk4_1r SCAR in V. quercifolia x C. papaya hybrids 

 

The Opk4_1r SCAR was applied directly to F1 and backcross intergeneric hybrids of the PRSV-P 

resistant species V. quercifolia and PRSV-P susceptible C. papaya. The availability of this 

population provided a means for testing applicability of the marker in another resistant Vasconcellea 

species. Because the fragment could not be PCR amplified in C. papaya, the SCAR marker would 

be valuable as a dominant marker for PRSV-P resistance in these hybrids if linkage to PRSV-P 

resistance could be demonstrated. No correlation was detected between the Opk4_1r SCAR and the 

resistant phenotype inherited from V. quercifolia in the F1. The Opk4_1r SCAR was amplified in all 

F1 individuals examined, adhering to Mendelian rules of inheritance (Table 3.10). Three of these 

plants however exhibited a susceptible phenotype. In the back cross generation 14 plants, all direct 

descendants of the F1 trees, were examined. The Opk4_1r SCAR was amplified in 8 of these. The 

disease phenotype had previously been determined for the BC individuals, which were all 

susceptible (Drew, unpublished results). Detection of the marker in the susceptible F1 and back 

cross plants indicates absence of linkage between Opk4_1r and PRSV-P resistance in the V. 

quercifolia hybrids.  

  

 

Table 3.10. Application of the Opk4_1r SCAR marker in hybrids of V. quercifolia and C. papaya 

F1 Hybrid Phenotype 
R/S 

Opk4_1r 
SCAR 

Back cross 
(F1 x 2.001) 

Phenotype 
R/S 

Opk4_1r 
SCAR 

410 R D 100059 S B 
468 R D 100054 S B 

100004 S B 500.13 S D 
100022 S B 

Pab01 R D 100071 S B 
507 R D 100065 S B 
401 S D - S - 
466 S D - S - 

100136 S D 
100150 S D 

410 R D 

100165 S D 
100100 S D 
100132 S D 
100124 S D 
100178 S D 

468 R D 

100198 S D 
Dominant Opk4_1r SCAR marker is scored as D = presence and B = absence. Phenotypes 

are designated as R = PRSV-P resistant and S = PRSV-P susceptible, or - = undiagnosed.  
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3.6 Functional characterisation of SCAR markers 

 

3.6.1 Analysis of translated marker sequences 

 

The BLASTx translated amino acid sequences for Opk4_1r and Opa11_5r SCARs in section 3.4.3 

revealed identity with a small nuclear ribonuclear  protein U1A (snRNP) and a protein kinase 

respectively. Alignment of the translated SCARs, and comparison with genomic and coding DNA 

sequences of the respective gene homologues in Arabidopsis thaliana, were employed to further 

characterise the SCAR markers and determine whether they were likely to represent part of a 

functional gene. Amino acid translations of the complete Opk4_1r and Opa11_5r SCARs were 

generated using the Expasy online resource for six Vasconcellea species, and C. papaya. Translated 

alleles for the different species exhibiting homology to a snRNP and protein kinase were used for 

Opk4_1r and Opa11_5r alignment respectively. The conserved regions identified within Opk4_1r in 

Figure 3.9 appeared in different frames when translated in V. stipulata (2 alleles), V. parviflora and 

V. quercifolia. The frame containing the first conserved region was selected for alignment in these 

cases.  

Alignments for Opk4_1r and Opa11_5r were constructed using ClustalW (Figure 3.21a and 

3.24a). Although not indicated in the amino acid alignments, all translated Opk4_1r SCAR markers 

contained at least one stop codon, whereas only the C. papaya and V. stipulata alleles contained 

stop codons for Opa11_5r. Amino acids identified as being conserved between the BAST hit 

(section 3.4.3) and the V. cundinamarcensis allele are indicated with a red asterisk (* ). 

Discrepancies were observed between the amino acid sequences for the different species, however 

in the case of Opa11_5r and for the first half of Opk4_1r, mismatches did not occur at amino acids 

positions that were conserved in section 3.4.3. 

Arabidopsis. thaliana DNA and cDNA gene homologous for Opk4_1r and Opa11_5r were 

selected using The Arabidopsis Information Resource (TAIR) website (www.arabidopsis.org). The 

top matches were a small nuclear ribonucleoprotein U1A (U1snRNP) genbank accession number 

NM_130326 for Opk4_1r, and a putative protein kinase genbank accession number NM_119462 for 

Opa11_5r. The DNA/cDNA alignments for these sequences revealed the position of intron/ exon 

junctions, translation start and the 5’ and 3’ untranslated regions (UTR’s). Assuming that these gene 

regions are relatively conserved between homologues, a comparison of the translated V. 

cundinamarcensis marker alleles with this alignment suggests that the amino acid stretches 
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conserved in Figures 3.22 and 3.25 (* ) were positioned within gene exons and amino acids 

exhibiting sequence variability lay within non-coding sequences (Figures 3.22 and 3.25). 

 

 

 

 

 

  

 
 b) 

Figure 3.21. a) Alignment of amino acid sequences translated from the Opk4_1r marker alleles for 6 

Vasconcellea species. Shading corresponds to conservation between the sequences, and red *  correspond to 

amino acids conserved between V. cundinamarcensis and the snRNP of Solanum tuberosum (potato) 

CAA90282.1. b) Alignment of amino acid sequence translations for the same alleles as in a) following 

removal of the 5’ UTR and intron sequences.    and      correspond to the predicted translation start and intron/ 

exon junctions.   

 

 

 

a) 
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Figure 3.22. Alignment of DNA (top) and cDNA (bottom) for A. thaliana snRNP NM_130326. 

Amino acids flanking the intron are displayed, red colour of symbols indicates homology with 

translated Opk4_1r SCAR. 

 
 

An intron/ exon junction was identified in the AtU1snRNP between conserved amino acids D (Asp - 

32) and E (Glu - 33), which corresponded to the first intron in the gene sequence (Figure 3.22). 

Based on homology with the A. thaliana sequence it is probable that an intron/ exon junction lay at 

the same position in Opk4_1r, corresponding to amino acids (Asp - 70) and E (Glu - 71) (3.21a). 

The large gap in the BLAST alignment in section 3.4.3 is also suggestive of an untranslated region 

(~90 bp) at this position in the Opk4_1r allele corresponding to a intron. Variable length of the 

putative intron in V. parviflora, V. stipulata and V. quercifolia caused a frame-shift in the second 

half of the Opk4_1r amino acid translation, accounting for poor alignment of the translated alleles in 

this region (Figure 3.21a). A putative translation start was also identified in Opk4_1r. In A. thaliana 

the start codon ATG lies at the front of a conserved triplet ‘MEM’ 18 amino acids upstream of the 

conserved ‘TIYINNLN’ motif (Figure 3.22). In Opk4_1r an ATG codon, also part of a ‘MEM’ 

triplet, appears 16 amino acids upstream of the conserved motif (Figure 3.21a). DNA sequence 

upstream of this site will consequently correspond to the 5’ UTR which, like the intron sequence, 

exhibited variation in amino acid sequence between the different alleles. The putative coding and 

non-coding regions identified within Opk4_1r based on homology with A. thaliana are presented in 

Figure 3.23. 

 Translation and realignment of the Opk4_1r sequences for each species following removal 

of the DNA sequence for the putative intron and 5’UTR produced a consensus of 45 amino acids 

that was highly homologous between the different alleles (Figure 3.21b). In particular, amino acids 
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conserved between V. cundinamarcensis and the BLAST hit in section 3.4.3 were completely 

conserved in the new alignment. DNA variation in the coding regions was higher, though most 

SNPs were non-synonymous. When plotted, the frequency and distribution data for DNA 

polymorphisms along the Opk4_1r SCAR sequence, summarised in Table 3.7, reveals that all 

common SNPs (>25%), lay within the predicted non-coding DNA sequences (Figure 3.27b). This 

pattern of DNA and amino acid polymorphism indicates maintenance of integrity of coding regions 

compared to non-coding regions consistent with a functional gene.  

An intron/ exon junction, corresponding to amino acids E (Glu - 38) and R (Arg-39) 

flanking the first intron in the gene sequence, was identified by alignment of the A. thaliana protein 

kinase DNA/cDNA (Figure 3.25). Based on homology with the A. thaliana sequence it is proposed 

here that an intron/ exon junction may locate to this position in Opa11_5r. Because the 

corresponding amino acids E (Glu – 43) and R (Arg – 44) in Opa11_5r are adjacent to one another 

in all the Vasconcellea species (Figure 3.24a), it is possible that Arg-44 is positioned at the 3’ end of 

the exon as opposed to Glu-43 in Vasconcellea, unless this codon corresponds to the first three 

nucleotides of the intron in Opa11_5r. The putative coding and non-coding regions identified within 

Opa11_5r based on homology with A. thaliana are presented in Figure 3.26. 

 

 

 

Figure 3.23. Based on similarity with translated A. thaliana snRNP (NM_130326), intron/exon 

junctions, translation start, transcription start and 5’ UTR were predicted for the Opk4_1R SCAR 

marker. V. cundinamarcensis allele 1 is presented here. Green shading corresponds to the 5’UTR, 

Blue to the first exon and 5’ end of the second exon, and yellow corresponds to the first intron 

(99bp). The translation start (ATG) is underlined. Conserved AG/GU exon/intron and AG/G 

intron/exon consensus sequences are in bold font. 
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Figure 3.24. a) Alignment of amino acid sequences translated from the Opa11_5r marker alleles for 

6 Vasconcellea species and C. papaya. Shading corresponds to conservation between the sequences, 

and red *  correspond to amino acids conserved between V. cundinamarcensis and the protein kinase 

of Oryza sativa (rice) NP_910157. b) Alignment of amino acid sequence translations for the same 

alleles as in a) following removal of the 5’ UTR and intron sequences.      corresponds to the 

predicted translation start and intron/ exon junctions.   

 

Translation and realignment of the Opa11_5r sequences for each species following removal of the 

DNA sequence for the putative intron produced a consensus of 44 amino acids that was highly 

homologous between the different alleles (Figure 3.2b). In particular, amino acids conserved 

between V. cundinamarcensis and the BLAST hit in section 3.4.3 were completely conserved in the 

new alignment. DNA variation in the coding regions was higher, though most SNPs were non-

synonymous. When plotted, the frequency and distribution data for DNA polymorphisms along the 

Opa11_5r SCAR sequence, summarised in Table 3.7, reveals that all common SNPs (>25%), lay 

within the predicted non-coding DNA sequences except for SNP number 4 (Figure 3.27a). This 

pattern of DNA and amino acid polymorphism similarly indicated maintenance of integrity of 

coding regions compared to non-coding regions.  

a) 

b) 
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Figure 3.25. Alignment of DNA (bottom) and cDNA (top) for A. thaliana protein kinase 

NM_119462. Amino acids flanking the intron are displayed, red colour indicates homology 

with Opa11_5r SCAR. 

 

 

 

Figure 3.26. Based on similarity with translated A. thaliana protein kinase (AT4G33080) 

sequence and intron/exon junctions were determined for the Opa11_5R SCAR marker DNA 

sequence, presented here for V. cundinamarcensis. Blue regions correspond to a portion of the 

first exon and 5’ end of the first intron. The conserved AG/GU exon/intron and AG/G 

intron/exon border sequences are in bold. 

 

 

 



  Chapter 3.0 
 

 
- 189 - 

 

Figure 3.27. Physical distribution of SNPs in the a) Opa11_5r  and b) Opk4_1r SCARs. Red and 

yellow key indicates non-coding and coding DNA sequence respectively. Clusters of common 

SNPs (>25%) are marked by  

 

 
 

  
 

 

 
 

a) 

b) 
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3.6.2 PCR RNA Expression analysis  

 

RNA expression was assessed by RT-PCR for both Opa11_5r and Opk4_1r in V. cundinamarcensis, 

V. parviflora and for Opa11_5r in C. papaya. The Opk4_1r marker fragment was amplified from V. 

parviflora cDNA using the Opk4_1r SCAR primer set, but could not be amplified from V. 

cundinamarcensis cDNA using the same primer set (Figure 3.28a). No product was amplified from 

the DNAse treated total RNA of either species which were used for cDNA synthesis, indicating that 

there was no DNA contamination. Surprisingly, the fragment amplified from the V. parviflora 

cDNA preparation appeared to be the same size as that amplified from genomic DNA (Figure 3.28a 

lane 7.0). Assuming that the intron and exon positions predicted from analysis of the translated 

marker sequence were accurate, this outcome was not anticipated, because the intron of 

approximately 100bp was expected to have been spliced out during pre-mRNA processing, yielding 

a shorter fragment of 280bp instead of 379 bp.  

For Opa11_5r, a fragment of approximately 250bp, corresponding to the Opa11_5r SCAR 

marker, was amplified from cDNA of all three species using the Opa11_5r SCAR primer set (Figure 

3.28a and b). No product was amplified from the V. cundinamarcensis or C. papaya DNAse treated 

total RNA indicating that the positive result could not have been caused by DNA contamination. A 

faint band of equal size to the Opa11_5r SCAR was observed in the V. parviflora DNAse treated 

total RNA control (Figure 3.28 a, lane 9). When repeated using cDNA prepared from a second 

DNAse treated V. parviflora RNA sample the fragment was amplified from cDNA only (Figure 

3.28 b, lane 7). As for Opk4_1r, the Opa11_5r fragment amplified from cDNA was the same size as 

the fragment amplified from genomic DNA positive control (Figure 3.28a lanes 15 and 16). Because 

of the position of the reverse SCAR primer in the proposed intron sequence it was unexpected to see 

this region amplified in any of the species, since the primer binding site should have been removed 

during pre-mRNA processing. Low molecular weight ‘fuzzy’ bands at the bottom of the gel for both 

markers (arrows) most likely resulted from primer dimer, or degraded RNA. 
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Figure 3.28. Results of PCR from cDNA using Opk4_1r and Opa11_5r SCAR primers, a)  1-2 

amplification of the Opk4_1r SCAR from DNase treated RNA of V. parviflora and V. 

cundinamarcensis respectively, 3-4 amplification of the Opk4_1r SCAR from cDNA prepared using 

the Opk4_1r reverse specific primer in V. parviflora, 5-6 amplification of the Opk4_1r SCAR from 

cDNA prepared using the Opk4_1r reverse specific primer in V. cundinamarcensis, 7-8 

amplification of the Opk4_1r SCAR from genomic DNA of V. parviflora and V. cundinamarcensis 

respectively, 9-10 amplification of the Opa11_5r SCAR from DNase treated RNA of V. parviflora 

and V. cundinamarcensis respectively, 11-12 amplification of the Opa11_5r SCAR from cDNA 

prepared using the Opa11_5r reverse specific primer in V. parviflora, 13-14 amplification of the 

Opa11_5r SCAR from cDNA prepared using the Opa11_5r reverse specific primer in V. 

cundinamarcensis, 15-16 amplification of the Opk4_1r SCAR from genomic DNA of V. parviflora 

and V. cundinamarcensis respectively, b) 1-2 amplification of the Opk4_1r SCAR from genomic 

DNA of C. papaya and V. parviflora respectively, 3-4 amplification of the Opa11_5r SCAR from 

cDNA prepared using the Opa11_5r reverse specific primer in C. papaya (Trizole RNA extraction), 

5-6 repeated amplification of the Opa11_5r SCAR from cDNA prepared using the Opa11_5r 

reverse specific primer in V. parviflora, 7-8 amplification of the Opa11_5r SCAR from DNase 

treated RNA of V. parviflora and C. papaya respectively.  
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Discussion 

 

3.7 Development of DNA markers for PRSV-P resistance 

 

3.7.1 Bulked segregant analysis (BSA) 

 

F2 populations have been demonstrated to be more informative than back cross populations of 

similar sizes when conducting bulked segregant analysis (BSA) using dominant marker systems, 

since twice the number of markers will segregate in the F2 (Mackay and Calagrin 2000). In 

addition, the probability of detecting false positive markers in bulks of F2 individuals is 

considerably reduced compared to backcross populations. In a bulk consisting of 10 individuals, the 

probability of identifying a single false positive marker is 0.3 and 0 percent respectively for a BC 

and F2 population (Mackay and Caligari 2000). When larger numbers of markers are screened 

(~1600), such as in this study, the probability increases to 96% for a BC population, while the 

probability for an F2 population remains low (~0.3%). For these reasons, combined with those 

outlined in chapter 1.0, the F2 V. cundinamarcensis x V. parviflora hybrid population was selected 

in this BSA study over the backcross V. quercifolia x C. papaya population. The effectiveness of a 

BSA study in revealing linked polymorphisms has also shown to depend on the number of markers 

screened and the size of the DNA bulk (number of individuals in the bulk). The probability of 

identifying a marker linked within 1 cM of the target gene when using bulks of between 10 and 20 

individuals, based on a screening  trial with ≥1600 markers, is close to 1.0. In this study > 4000 

markers were screened on bulks of 14-18 individuals, thus this strategy should theoretically have 

yielded at least one candidate marker. The possible risk of identifying false positive markers can be 

alleviated by using bulks of adequate size. The optimal size of the DNA bulk depends largely on the 

type of population and the number of markers being screened (Michelmore et al. 1991). For a 

dominant marker segregating in an F2 population, the probability of a bulk of n individuals 

revealing a marker locus which is unlinked to the target gene has been given as 2(1-[1/4]n)(1/4)n 

(Michelmore et al. 1991). The probability of bulks of 14 and 18 individuals, used in this study, to 

reveal a false positive marker is between 7.4 x 10-9 and 2.9 x 10-11. All polymorphic markers 

identified were verified by screening the F2 resistant and susceptible bulk individuals. Markers that 

were not identified in all bulk individuals were considered to be only weakly linked to the resistance 

locus, or were the result of a false association. Given the robust design of the BSA experiment the 

latter explanation is less plausible.  
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3.7.2  Marker inheritance 

 

3.7.2.1 RAF markers 

 

The RAF markers identified as having tight linkage to prsv-1 (Opa11_5r, Opa11_6r, Opk4_1r, 

Opk4_2r and Opb8_1r) exhibited normal segregation ratios when screened over 97 F2 individuals in 

the mapping population. This indicates that the prsv-1 region on LG7 is relatively stable, and as 

such the genetic distances determined around the prsv-1 locus following linkage mapping are 

unlikely to be significantly distorted. Several minor discrepancies were observed between the RAF 

markers and segregation of the resistant phenotype when screened over the mapping population, 

with the exception of Opa11_5r which co-segregated with the prsv-1locus. Mostly this can be 

accounted for by genetic recombination occurring between prsv-1 and the RAF markers at meiosis 

where linkage between these loci was assumed to be weaker.  

 

3.7.2.2 PsiIk41r codominant marker 

 

Ninety seven percent agreement was observed between the genotypes determined by the 

codominant PsiIk4 CAPS and dominant Opk4_1r RAF markers. The discrepancy (3%) may have 

arisen through modification of the RAF primer binding site in these individuals, preventing 

amplification of the marker allele using RAF. This explanation is more plausible than a change in 

the PsiI restriction site, since in each case the CAPS marker genotype correlated with PRSV-P 

resistance. The codominant marker was found to contradict the observed phenotype in 1 case only, 

in susceptible individual L12-36, where PsiIk4 detected both parental alleles. The Opk4_1r RAF 

marker was similarly inherited in this individual, indicating recombination between the marker 

allele and resistance gene had occurred. The Opk4_1r marker allele appears to be closely linked to 

the prsv-1 locus, with only 1% recombination occurring in the mapping population. Therefore the 

PsiIk4 codominant marker will serve for accurate selection of resistant progeny of V. 

cundinamarcensis and V. parviflora.  

Genotypes predicted by PsiIk4 were verified using a codominant SNP PCR marker, 

screened in 20 of the resistant and susceptible bulk individuals, indicating that the CAPs marker was 

accurate. Tandem PCR steps permitted primer specific detection of the parental alleles, and provide 

a cost effective alternative for large scale screening programs. A disadvantage of this approach is 

that the PCR has no internal control. Microsatellites are codominant markers that are well suited to 

high throughput genotyping, require no control, and could be developed for the V. 
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cundinamarcensis and V. parviflora alleles based on the simple sequence (AAG) repeat that was 

polymorphic between these alleles.  Fluorescently labelled primers flanking the SSR would yield 

two fragments of different lengths representing the alternate alleles. Electrophoretic separation of 

the PCR products on a capillary with fluorescence detection would permit resolution fragments  

varying in size by as little as 1 neucleotide. 

 

3.7.2.3 Snaba11Ir codominant marker 

 

No correlation was observed between the SnabIa11 CAPS marker and the resistant phenotype, or 

the Opa11_5r RAF marker. This was surprising since segregation of the Opa11_5r RAF marker was 

in complete agreement with segregation of the resistant phenotype, and collocated with the prsv-1 

locus. The probability that the association detected between the Opa11_5r RAF marker and the 

resistant bulk was false is low. This is partly because the probability of uncovering a marker with 

false linkage was extremely low (2.9 x 10-11), and subsequent screening in the 18 bulk individuals 

and the mapping populations confirmed linkage in all resistant individuals. This raised the question 

as to whether the SCAR and RAF marker were taken from the same DNA sequence. Examination of 

the RAF profile following excision of the Opa11_5r RAF marker indicated that the correct fragment 

was isolated. Figure 3.7 also reveals that the markers migrating close to Opa11_5r, Opa11_6r and a 

unnamed RAF marker, had not been excised with Opa11_5r, eliminating this as a source of 

contamination. Furthermore, a single band in the same size range as Opa11_5r was amplified from 

the re-hydrated gel slice (Figure 3.8), which was confirmed by cloning and sequencing. As such it is 

unlikely that the SCAR was unrelated to the Opa11_5r RAF marker. This could be confirmed by 

hybridising the Opa11_5r SCAR as a probe onto the resolved RAF PCR products of primer OPA11, 

but was not attempted here.  

 Poor resolution of the Opa11_5r CAPS digestion profile on 2% agarose gels should not 

have resulted in genotyping error in the F2. The SnabI profiles for the parents yielded smeared, but 

distinguishable ~ 257 and ~141 bp bands (Figure 3.17b) as expected, based on the SCAR restriction 

map. Although diffuse, the restriction fragments could be identified in the F2 (Figure 3.17b). If the 

SnabI enzyme was not efficient at cutting the V. parviflora allele this may have accounted for the 

observed inconsistency between the SnabIa11 genotypes and segregation of the resistant phenotype. 

This was shown to occur for at least 2 individuals, where the SNP PCR marker genotyped 

heterozygotes but SnabI did not cut the PCR product (Table 3.9). This does not however account for 

susceptible individuals where digestion had occurred. In the remaining 20 trees tested the SNP PCR 

marker similarly did not segregate with PRSV-P resistance, and validated the SnabI genotypes. 
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Overall this throws doubt over the legitimacy of the SNP (within the SnabI consensus) on which the 

CAPS and SNP PCR codominant markers were based. The V. parviflora Opa11_5r SCAR was 

sequenced directly from the PCR product, therefore it is possible that the polymorphism was allelic 

in this species, however a glance at the sequence chromatograms (data not shown) indicates that the 

polymorphism was genuine since a single peak was observed.  However, allowing for this scenario, 

the F1 parents (which were not tested with the CAPS marker) could represent one of two genotypes: 

aa or Aa, where ‘a’ represents both V. cundinamarcensis alleles and one V. parviflora allele, and ‘A’ 

represents the other V. parviflora allele (Table 3.11), all of which are resistant. Since hybridisation 

of the F1 occurred by open pollination, all possible crosses are represented by Aa x aa, Aa x Aa and 

aa x aa. From Table 3.11, it is evident that the SnabI codominant marker would have incorrectly 

predicted resistant phenotypes for a percentage of the progeny that were actually susceptible. 

However this model does not account for those genotypes predicted to be homozygote susceptible 

by SnabIa11 but had a resistant phenotype (Appendix 3.0, Table 1.0).  

 

 

 

1 Apa apb 

Apa Apa, Apa   =  A Apa, apb    =  H 

apb Apa, apb   =  H apa, apb    =  B 
   

2 apa apb 

Apa Apa, apa  =  H* (A) Apa, apb  =  H 

apb apa, apb  =  B* (H) apb, apb  =  B 
   

3 apa apb 

apa apa, apa  =  B* (A) apa, apb  =  B* (H) 

apb apa, apb  =  B* (H) apb, apb  =  B 
 

 

3.7.3 Linkage mapping  

 

Linkage mapping of the RAF markers identified by BSA indicated that several of these markers 

were in close proximity, within 5.4 cM, of the PRSV-P resistance gene, prsv-1 on linkage group 

seven. As such these markers represented good candidates for development into codominant 

markers that could be applied for MAS. It was also evident from the map that RAF marker 

Opa15_8, that mapped close to prsv-1 in Chapter 2.0, remained close (within 4.2 cM) to this locus 

Table 3.11. Genotypes resulting from  

hybridisation in the F1. Origin of the ‘a’ 

allele is indicated by a superscript pa or pb. 

In each case the snabIa11 genotype is 

presented (A, H or B) following an equals 

sign. Where the snabIa11 genotype was 

incorrect the letter is marker by an * and the 

actual genotype is presented in brackets (A = 

susceptible homozygote, H = resistant 

heterozygote and B = resistant homozygote) 
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following mapping of the BSA markers. This marker actually mapped closer to prsv-1 than one of 

the BSA markers, Opb8_1r. Although improbable that such a close linkage would be identified by 

screening random markers in a population, it is shown here to be possible. The RAF markers 

Opb8_2r and Opb8_3r which were also identified in the resistant bulk, did not map to the same 

linkage group as prsv-1, indicating that their association with the resistant bulk was spurious. These 

two markers resulted from a rare polymorphism that was present in only 1% of the mapping 

population.  

The codominant marker PsiIk4 mapped to LG7 within 2 cM of prsv-1. Its position with 

respect to prsv-1 was closer than the corresponding RAF marker Opk4_1r, consistent with greater 

accuracy of the codominant marker in predicting PRSV-P resistant genotypes. Addition of this 

marker to LG7 had little affect on the arrangement and distances of adjacent BSA derived and 

randomly generated RAF markers around prsv-1. This was probably a result of increased saturation 

of markers at this locus, indicating that the genetic distances predicted are robust. Less closely 

linked markers on the same linkage group, for example Opb8-34 and Pbw15_19, did exhibit 

changes in their map positions with respect to prsv-1 following addition of PsiIk4.  

The codominant SnabIa11 CAPS marker did not map to the same linkage group as prsv-1 

or the Opa11_5r RAF marker from which it was derived. This marker mapped only weakly to the 

end of LG10, 47.2 cM from its nearest adjacent marker, suggesting that this linkage may be 

spurious, consistent with unreliability of the genotypes collected using the codominant marker. 

 

3.7.4 SCAR sequence analysis 

 

Difficulty in sequencing the Opa11_5r marker was attributed to secondary structure within the PCR 

product which prevented progression of Taq polymerase past 50 bp into the marker sequence under 

standard sequencing conditions, extension temperature 60oC for 4 minutes and annealing 

temperature 55oC for 5 seconds. By increasing the extension temperature by 10oC, and reducing the 

time for primer annealing to 0 seconds, DNA sequencing was successful. Both the higher extension 

temperature and 0 second annealing time were a requirement for sequencing. Intermolecular 

hydrogen bonding, resulting in secondary structure, in regions of self complementarity were 

assumed to be sufficiently inhibited at 70oC. By the same process these interactions were limited 

during the shortened annealing step, thus also inhibiting secondary structure formation. A possible 

model for complex secondary DNA structure formation using m-fold (Zucker 1996) indicated 

several regions of self complementarity around 50 bp into the marker sequence that could have 

accounted for difficulty in sequencing through this region (Figure 3.29).  
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 With the exception of Opa11_5r, the RAF markers identified by BSA were only amplified 

in V. cundinamarcensis, when screened in five additional Vasconcellea species and Carica papaya. 

The Opa11_5r RAF marker was detected in both V. cundinamarcensis and V. cauliflora. Since these 

two species confer immunity to PRSV-P, and their hybrids exhibit similar patterns of inheritance for 

PRSV-P resistance, it could be argued that they share a common PRSV-P resistance gene/ locus. 

This supposition is encouraged by amplification of Opa11_5r in both species using RAF, which 

implies their genetic similarity in this region. This was subsequently confirmed by phylogenetic 

comparison of the Opa11_5r SCAR (Figure 3.15). The inferred link between similarity of the 

Opa11_5r genomic region and a common PRSV-P resistance locus in these species is however 

tenuous, since the V. cundinamarcensis SCAR was also highly similar to V. goudotiana, a PRSV-P 

susceptible species.  

 

 

 

Figure 3.29.  secondary structure for Opa11_5r 

predicted by m-fold  

 

 

Where PCR with the 23mer SCAR primers yielded a product in the wild species, it can be assumed 

that the RAF primer binding site contained a SNP that prevented annealing of the short (10mer) 

RAF primer, and that the longer SCAR primers were not sensitive to this difference. The specific 

polymorphism could not be identified from the SCAR sequences of the different species, since these 

Binding 
energy -5.2 
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incorporated the V. cundinamarcensis SCAR primer sequence at this position. Southern blotting 

indicated that the Opk4_1R SCAR, although not PCR amplified in C. papaya, was present in this 

species as well as the parents of the mapping population (Figure 3.12). It is probable that one or 

both Opk4_1r SCAR primer binding sites were disrupted in C. papaya preventing amplification. 

Several indels were observed between C. papaya and V. cundinamarcensis from the multiple 

sequence alignment, ranging from 3 to 12 nucleotides in length, and a similar polymorphism may 

have disrupted the SCAR primer site in C. papaya. Southern blotting also indicated that a second 

region with homology to the Opk4_1r RAF marker was present in V. cundinamarcensis. It is 

possible that the second V. cundinamarcensis Opk4_1r “allele” identified by DNA sequencing was 

in fact amplified from this region. Alleleism of the V. cundinamarcensis SCARs could be verified 

by developing and mapping a second codominant marker that was specific for the longer V. 

cundinamarcensis Opk4_1r allele. 

Overall the level of polymorphism observed between the SCAR markers for the different 

Caricaceae species was not high, and variation was observed in both predicted coding and non-

coding DNA sequences. Polymorphisms occurred at greater frequency in non-coding sequences, 

and non-synonomous nucleotide changes were few, consistent with conservation of the coding 

sequence. Those SNPs and indels that were considered common (i.e. f ≥ 0.29 and 0.25 for Opa11_5r 

and Opk4_1r respectively) were clustered within predicted intron or 5’ UTR sequence (Figure 3.27). 

The majority of polymorphisms observed were not high in frequency, but this was most likely a 

result of the small number of species assessed (n=7). Genetic relationships between the SCAR 

marker alleles were estimated phylogenetically based on these polymorphisms. Predicted 

evolutionary relationships were in general agreement with the reported evolution of the Caricaceae 

species for Opa11_5r with the Vasconcellea sp. and C. papaya clustering to separate lineages within 

the UPGMA tree (Figure 3.15b). Variation in the predicted genetic distances within Vasconcellea 

indicates that the amount of sequence data analysed (250 - 350 bp) may be insufficient for an 

informative analysis of diversity within genera.  

 

3.8 Practical application of CAPS and SCAR markers 
 

3.8.1 Potential for future application of CAPS  and SNP markers to assist introgression of PRSV-

P resistance from V. cundinamarcensis to C. papaya 

 

An increasing number of  cases have demonstrated the potential for application of markers linked to 

traits for breeding. The gene for PRSV-P resistance identified in V. cundinamarcensis is ideally 
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suited to application in breeding programs because of its dominant nature, and because the 

resistance resembles immunity. Development of the codominant CAPS marker PsiIk4 linked to the 

PRSV-P resistance gene in V. cundinamarcensis permitted accurate identification of heterozygous 

and homozygous PRSV-P resistant hybrids of V. cundinamarcensis and V. parviflora. Subsequently 

this marker has potential to be applied for marker assisted selection in breeding programs utilising 

these hybrids.  

Interspecific and intergeneric hybridisation of resistant Vasconcellea species (V. 

cundinamarcensis, V. cauliflora and V. quercifolia) and C. papaya have been reported (Manshardt 

and Wenslaff 1989a & b; Magdalita et al. 1997; Drew et al. 1998), however genetic instabilities 

manifesting as infertility and poor vigour in the hybrid offspring have impeded stable introgression 

of the  PRSV-P resistant phenotype into C. papaya. These difficulties have been attributed to the 

high degree of genetic divergence between the species of Vasconcellea and Carica (Van 

Droogenbroeck et al. 2004). A possible way around this problem will be to utilise Vasconcellea 

species that exhibit greater compatibility with C. papaya to bridge hybridisation with the less 

compatible, but strongly resistant species such as V. cundinamarcensis and V. cauliflora. Hybrids of 

C. papaya and V. parviflora exhibit some fertility and are robust, thus the V. cundinamarcensis x V. 

parviflora hybrids presented may be more amenable to hybridisation with C. papaya. The PsiIk4 

CAPS marker can be applied to select homozygous resistant V. cundinamarcensis x V. parviflora 

hybrids for the next stage of crossing with either V. parviflora or C. papaya, which is currently 

being attempted at Griffith University. Hybridisation of V. cundinamarcensis, or homozygous 

resistant V. cundinamarcensis x V. parviflora F2 hybrids, with the PRSV-P resistant species V. 

quercifolia presents another alternative. Intergeneric barriers are less prevalent in hybrids of V. 

quercifolia. This approach may also be appealing due to the potential to pyramid resistances from 

both V. cundinamarcensis and V. quercifolia. Resistance in the later is thought to be regulated by 

more than one gene, which has impeded introgression of resistance from V. quercifolia to C. papaya 

to date (Drew, unpublished results). Comparison of the Opk4_1r SCAR sequences of V. 

cundinamarcensis and V. quercifolia revealed 18 polymorphisms on which a co-dominant marker 

diagnostic for the V. cundinamarcensis Opk4_1r allele could be developed. Several of these result in 

polymorphic restriction sites between the alleles which could be used for CAPS marker 

development (Figure 3.30). Successful examples of MAS with interspecific hybrids of wild and 

cultivated species, such as potato (Barone et al. 2001), where genetic barriers are problematic 

illustrate the potential for its application in Caricaceae, despite the acknowledged limitations of 

hybridisation between many of its species. 
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Figure 3.30. V. cundinamarcensis (a) and V. quercifolia (b) Opk4_1r SCAR restriction maps 

 

 

3.8.2 Application of the Opk4_1r SCAR in hybrids of V. quercifolia and C. papaya 

 

The Opk4_1r SCAR marker could be applied directly as a dominant PCR marker in hybrids of C. 

papaya and the Vasconcellea species examined in this study, because the region was not amplified 

by PCR in C. papaya. In theory this SCAR could be useful for selection of resistant hybrids of C. 

papaya and V. cundinamarcensis, since the marker is known to be in linkage disequilibrium with a 

PRSV-P resistance gene in this species. However intergeneric hybridisation between these species 

has had limited success to date (Manshardt and Wenslaff 1987; Drew et al. 1998). Hybrids of C. 

papaya and the PRSV-P resistant species V. quercifolia have produced robust progeny that 

segregate for the PRSV-P resistant phenotype (Drew et al. 1998).  The Opk4_1r SCAR marker was 

applied in this study in backcross progeny of these species, as a test for the range of applicability of 

the marker for selecting PRSV-P resistance alleles donated from other resistant Vasconcellea 

species. From this small experiment, it is apparent that the Opk4_1r SCAR marker is not linked to 

resistance in V. quercifolia. The marker was detected in all F1 plants screened, adhering to 

Mendelian inheritance, however the PRSV-P resistant phenotype segregated amongst these plants. 

No correlation was observed between resistance and the SCAR in the backcross (BC) generation 

either.  

Considering the differing patterns of inheritance of PRSV-P resistance in intergeneric 

progeny of V. quercifolia and V. cundinamarcensis it is possible that PRSV-P resistance is regulated 

by different genes in these species. The degree of resistance conferred by these species also implies 

differential genetic regulation. Unlike V. cundinamarcensis, hybrids of V. quercifolia exhibit 

a) 
 

b) 
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varying levels of tolerance, rather than complete immunity, suggesting a resistant phenotype 

resulting from more than one gene, possibly affected by gene dosage. Monogenic dominant 

(Kabelka et al. 1997; Grumet  et al. 2000; Park et al. 2000), recessive (Maluf et al. 1997) and 

multiallelic genes (Brown et al. 2003) have been associated with resistance to the watermelon strain 

of PRSV (PRSV-W) in cucumber and Cucurbita. Although this strain does not affect Carica or 

Vasconcellea, it shares significant sequence homology with the P strain from which it is thought to 

have originated (Bateson et al. 2002), and a similar genetic mode of virus resistance may have 

evolved in the Caricaceae. 

There may be potential for the application of the Opk4_1r SCAR in hybrids of other PRSV-

P resistant species such as V. cauliflora. The resistant phenotype conferred by V. cauliflora is 

similar to that identified in V. cundinamarcensis in its mode of inheritance and strength of the 

resistance response (Magdalita et al 1997a, Drew et al. 1998). As such it is possible that the gene/s 

conferring PRSV-P resistance in these species have a common evolutionary origin. This concept is 

supported by recent phylogenetic analysis using PCR-RFLP that places these species in the same 

evolutionary clade, which excludes V. quercifolia (Van Droogenbroeck et al. 2004). Vasconcellea 

cauliflora x C. papaya hybrids typically lack vigour (Manshardt and Wenslaff 1989a; Magdalita et 

al. 1997a), a feature that has prevented the development of segregating populations for studies of 

PRSV-P resistance inheritance, and restricted the application of V. cauliflora in breeding programs 

with papaya. Development of an interspecific population, such as the V. cundinamarcensis x V. 

parviflora population presented here may produce a stable population to facilitate further dissection 

of the PRSV-P resistant character in V. cauliflora. 

 

3.9 Biological characterisation of marker sequences 

 

Based on the amino acid translation of the Opa11_5r and Opk4_1r markers, both regions showed 

close homology to partial sequences of annotated proteins. The initial BLAST search using the 

whole SCAR sequence indicated that these regions corresponded to a small nuclear ribonuclear 

protein (snRNP) of the U1A splisosome, and a serine threonine protein kinase respectively. 

Alignment of the translated regions with completely sequenced homologues from Arabidopsis 

thaliana revealed  potential intron/ exon junctions in both sequences, and a 5’ UTR and translation 

start in the Op4_1r SCAR. The amino acid regions corresponding to putative introns for both 

markers showed least homology between the different Vasconcellea species and C. papaya, whereas 

the hypothetical exons showed 100% homology (Figures 3.21b and 3.24b). This supported the 

predicted intron/ exon junction positions allocated to these sequences, as sequence homology in 
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non-coding regions is generally lower than coding regions. The presence of an intron in Opk4_1r is 

supported by the alignment gap of 99bp between the conserved regions that did not exhibit 

homology with the BLAST hit in section 3.4.3. Alignment of the SCAR sequence following 

removal of the predicted untranslatable regions afforded a highly conserved acid  sequence that was 

not interrupted by stop codons. Furthermore the frequency of DNA polymorphisms was shown to be 

highest in the non-coding regions. The observed pattern of DNA and amino acid polymorphism 

supports maintenance of integrity of coding regions compared to non-coding regions consistent with 

that of a functional gene.  

 

3.9.1 RNA expressions of SCAR markers 

 

Crude RNA expression analysis of the characterised marker sequences indicated that the Opk4_1r 

SCAR was expressed as RNA in healthy leaves of V. parviflora, but not V. cundinamarcensis. 

Using the same method, the Opa11_5r SCAR was shown to be expressed as RNA in all three 

species tested. Lack of expression of the Opk4_1r SCAR in V. cundinamarcensis suggests that this 

gene is either not constitutively expressed in this species, or is inactive. The fragments amplified 

from total RNA were the same size as the fragments amplified from genomic DNA. The predicted 

intron exon junctions, based on sequence homology with other snRNPs and serine threonine protein 

kinases, were not supported by this result. In the case of Opk4_1r, PCR from the intron spliced 

RNA template should have yielded a 280 bp fragment, ca. 90bp smaller than that amplified from the 

genomic DNA. Furthermore, the Opa11_5r fragment was not expected to have amplified from the 

cDNA since pre-mRNA splicing at the predicted positions should have removed the 3’ primer 

binding site. Genomic DNA contamination of the cDNA preparation does not necessarily explain 

this result, because PCR from the DNase treated RNA of V. cundinamarcensis or V. parviflora 

yielded no product. 

A number of explanations could account for this result and some are discussed here, 

however no further attempt was made to clarify this experimentally. RNA splicing is an integral step 

in the overall process of gene expression and is one level at which gene expression may be regulated 

(Brown and Simpson 1998). A shift in the position of the intron/exon splice site,  or removal of the 

splicing signal following a change in the splice consensus sequence could account for the size of the 

amplified products in this case. Consensus sequences have been identified as necessary for RNA 

splicing, and small changes to these signals can alter this process (Brown and Simpson 1998). 

Splice site recognition is mediated by spliceosomal U-type small nuclear ribonucleoprotein 

particles, and an array of other RNA binding proteins (Ishikawa et al. 1993; Fu 1995; Brown and 
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Simpson 1998). Introns are excised in a two-step cleavage ligation reaction, where the first step 

involves cleavage at the 5' splice site with formation of an intron lariat at an adenosine nucleotide 

branch point, usually 18-40 nucleotides upstream of the 3' splice site. In the second step, following 

cleavage at the 3' splice site, the exons are ligated, and the intron is released as a lariat (Brown and 

Simpson 1998). There are many important factors in pre-mRNA splicing in plants, including U- and 

AU-rich elements and conserved internal branch point sequences, but probably the best 

characterised signal is the highly conserved AG/GU exon/intron and AG/G intron/exon border 

sequences (Figure 3.31; Brown and Simpson 1998). Assessment of the intron exon boundaries in 

the A. thaliana models used to predict these positions in the Vasconcellea sequences shows that this 

model applies, where the boundaries are defined by G/GU – CAG/  and  AG/GU – AG/ for the 

snRNP and protein kinase respectively (Figures 3.22 and 3.25). Similarly for the SCARs the 

nucleotides bordering the predicted intron/ exon boundaries match those expected to be conserved at 

these positions, with G/GU – CAG/ and G/GU – arrangements in Opk4_1r and Opa11_5r 

respectively (Figures 3.23 and 3.26). Based on this, RNA splicing should have occurred at the sites 

predicted, however there are numerous other signals regulating the splicing process that are not as 

easily quantified. If altered splicing of this gene did account for the longer cDNA amplified from 

these SCARs, then it is also possible that this could have affected the stability of the mRNA, the 

size of the resulting protein, its sequence and function. Examination of the splice site for the first 

intron of snRNP’s in other species (data not presented) indicates that such variations are rare. 

 

 

 

 

 

 

 

 

 

Figure 3.31. conserved nucleotide sequences flanking intron/ exon 

and exon/ intron splice sites  
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Amplified cDNA from the pre-mRNA, from which the introns have not been spliced, is 

unlikely to explain the larger fragment sizes since pre-mRNA template is in low concentration 

compared to the mRNA. Another possibility is that the sequence characterised regions represent part 

of a pseudogene that is transcribed but untranslated. 

Cloning and sequencing of the complete gene of the SCAR should clarify whether it is 

likely to be functional, and would permit further experiments to examine expression of these genes 

under different conditions (i.e. in healthy vs. PRSV-P infected leaves). At present 3’-5’ RACE is 

being attempted at Griffith University to isolate the whole gene sequence for Opa11_5r from V. 

cundinamarcensis, since this marker is of considerable interest due to its close linkage to prsv-1.  

 

3.9.2 Potential role of marker tagged genes in disease resistance 

 

The Opk4_1r marker showed greatest homology to a snRNP from the U1A spliceosome. The U1A 

snRNP is a component of the U1 snRNP complex, which contains seven common snRNP proteins 

and three specific U1 snRNP proteins (Simpson et al. 1995). It initiates spliceosome association 

with pre-mRNA by defining the 3' boundary of exons. This protein has no known involvement in 

plant disease resistance, aside from its assumed activity in post transcriptional processing of genes 

specifically expressed during the  resistance response.  

The Opa11_5r marker sequence was shown to belong to the serine threonine class of protein 

kinases (PK). Serine/Threonine protein kinases are phosphotransferases of the serine or threonine-

specific kinase subfamily (Cooper et al. 1997). The enzymatic activity of these kinases is controlled 

by phosphorylation of specific Ser or Thr residues in the activation segment of the catalytic domain, 

sometimes combined with reversible conformational changes in the C-terminal autoregulatory tail 

(Cooper et al. 1997). Serine/Threonine kinases are important for normal cell function, most notably 

they facilitate intracellular signalling, regulate the activity of other proteins and gene expression 

(Cooper et al. 1997). They also play a central role in signalling during the defence response, and can 

be involved in direct interaction with the pathogen or downstream signalling leading to expression 

of defence related genes (Romeis 2001). 

Physical distance between the Opa11_5r marker and the PRSV-P resistance gene was not 

determined in this study, however its tight linkage with prsv-1 suggests that the gene tagged by this 

marker may have a role in PRSV-P resistance. The fact that the translated marker sequence is 

homologous to a protein kinase, that appears to be functional, further supports this hypothesis. 

Protein kinases involved in the direct detection of viral pathogens have not been demonstrated to 

date, however a serine/ threonine RKL was isolated as a candidate resistance gene in sugar cane 
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(Shi et al. 2005), and other RLKs are known to be involved in non-viral pathogen detection (Song et 

al. 1995; Romeis 2001). Several plant protein kinases have been implicated in interactions with viral 

proteins that are not directly related to disease resistance. For example, PK mediated 

phosphorylation of vial movement proteins has been reported for many plant viruses (Matsushita et 

al. 2003), and has been shown to be necessary for cell to cell movement of TMV via the 

plasmodesmata (Waigmann et al. 2000). A loss of function of such a kinase might lead to 

heightened resistance. 

The involvement of kinases in downstream signalling events is somewhat better understood. 

It has been demonstrated that R-gene mediated virus resistance is dependant on various protein 

kinases involved in downstream signalling events leading to expression of pathogenesis related 

genes, antimicrobial compounds and establishing systemic resistance (Romeis 2001; Ito et al. 2002; 

Kim and Zhang 2004; Liu et al. 2004; Shi et al. 2005). For example, resistance to both the Tobacco 

mosaic virus (TMV) and Potato virus X (PVX) is compromised by silencing of such a protein, a 

MAPKK kinase (MAPKKK) named NPK1 (Jin et al. 2002). There are a number of examples that 

emphasise the importance of kinases in virus resistance, and demonstrate the dependence of these 

kinases on activation by upstream components such as other kinases or R-genes which are discussed 

in the literature review. It has also been shown that constitutively expressed kinases with roles in 

normal plant metabolism can also play a critical role in plant defence against viruses (Eckardt 

2003). Several kinases have been identified that fit this model (Hao et al. 2003; Wang et al. 2003, 

Whitham et al. 2003). Knockdown of the SNF1 kinase from N. benthamiana, a global regulator of 

metabolism, results in increased virus susceptibility and over expression leads to enhanced 

resistance (Hao et al. 2003). In such cases, kinase activity in response to a pathogen may result from 

changes in the coding sequence that modify gene function in resistant vs. susceptible plants. This 

scenario best represents the kinase identified by the Opa11_5r marker, if it is shown to be involved 

in PRSV-P resistance, since RNA transcripts for this gene were constitutively expressed in healthy 

leaves of both PRSV-P resistant and susceptible Caricaceae species. 

The Ser/Thr kinase predicted from the Opa11_5r amino acid sequence in this study 

exhibited no sequence similarity to any named kinases, nor did this ~350bp region exhibit 

homology following alignment with other MAP and receptor-like kinases known to be involved in 

virus resistance (results not shown). Because only a small portion of the 5’ region of this gene was 

sequenced from the marker, it is difficult to make any concrete conclusions regarding its identity or 

possible biological role at this stage. Complete sequencing of this gene will hopefully assist in 

procuring this information. 
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Conclusions 

 

Bulked segregant analysis of PRSV-P resistant and susceptible interspecific hybrids revealed 12 

dominant randomly amplified DNA fingerprint (RAF) markers that associated with the resistant 

bulk. Five of these markers, which were present in 100% of the resistant bulk individuals, were 

selected as candidates and assumed to have strong linkage to the resistant genotypes. Segregation of 

the remaining seven markers occurred in 62 - 72 % of the resistant bulk individuals, indicating that 

these markers were less tightly linked to the resistant phenotype and prone to recombination away 

from prsv-1.  

The Opk4_1r and Opa11_5r markers correctly predicted resistant and susceptible 

phenotypes 95% and 100% of the time respectively. Genetic mapping of the five RAF candidates 

confirmed their linkage with prsv-1, placing them within 12 cM of the resistance gene, with one 

marker (Opa11_5r) collocating with the resistance gene. Segregation ratios for these markers in the 

mapping population were normal at the 0.05 level of significance for the Chi-square test, implying 

that the region allocated to prsv-1 on linkage group 7 is genetically stable. Given this, the genetic 

distances predicted in this region can be considered to be accurate, and not influenced by instability 

resulting from the interspecific cross.  

Although most candidate markers could not be amplified directly from the other wild 

species and C. papaya using RAF, the Opa11_5r and Opk4_1r regions could be PCR amplified 

from genomic DNA using 25 bp SCAR oligonucleotides. DNA sequencing of the amplified 

fragments confirmed that the Opa11_5r and Opk4_1r marker sequences were present in the 

genomes of all species where a fragment was amplified. Southern blotting indicated that this region 

was present in C. papaya, although it could not be amplified by PCR, possibly due to a 

polymorphism in the primer binding site in this species. Southern blotting also revealed a second 

region with homology to Opk4_1r in V. cundinamarcensis.  

Both single nucleotide and indel polymorphisms were observed between the marker alleles 

of the different species. The frequency of SNPs identified from multiple sequence alignment of the 

SCARs were 9%, 10% of the total alignment length for Opa11_5r and Opk4_1r respectively, 

whereas indels occurred less frequently, accounting for 2.3% and 1% of polymorphisms. A 

microsatellite (AAG) within the Opk4_1r sequence, counted as an indel, was also identified. 

Genetic relationships between the SCAR marker alleles were estimated phylogenetically based on 

this alignment. Predicted evolutionary relationships were in general agreement with the reported 

evolution of the Caricaceae species for Opa11_5r with the Vasconcellea sp. and C. papaya 

clustering to separate lineages within the UPGMA tree. These polymorphisms provided an 
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abundance of sites from which allele specific codominant markers could be developed for hybrids of 

these species. 

The Opk4_1r SCAR marker was applied in backcross progeny of C. papaya and V. 

quercifolia as a test for the range of applicability of the marker for selecting PRSV-P resistance 

alleles donated from other resistant Vasconcellea species. From this small experiment, it was 

apparent that the Opk4_1r SCAR marker is not linked to resistance in V. quercifolia. This lead to a  

preliminary conclusion that V. quercifolia and V. cundinamarcensis confer different genes for 

PRSV-P resistance.  

Based on homology of the amino acid translation of the Opk4_1r and Opa11_5r markers, 

both sequences were shown to resemble known proteins, corresponding to a small nuclear 

ribonuclear protein (snRNP) of the U1A splisosome, and a serine threonine protein kinase 

respectively. Based on homology of the DNA and protein sequences and the absence of stop codons 

in the predicted exons and 5’ UTR, both SCARs could potentially represent functional genes. RNA 

expression analysis by RT-PCR showed that the Opk4_1r marker sequence was transcribed as RNA 

in V. parviflora, and the Opa11_5r marker was transcribed in V. cundinamarcensis, V. parviflora 

and C. papaya. While snRNP’s have no known involvement in plant disease resistance, serine/ 

threonine protein kinases play a central role in signalling during the defence response, and are either 

involved in direct pathogen detection or downstream signalling leading to expression of other 

defence-related genes. Proximity of the Opa11_5r marker to the prsv-1 resistance gene locus raises 

the possibility that the gene tagged by this marker may be involved in PRSV-P resistance via a 

similar mechanism. 

The codominant CAPS markers developed from RAF markers Opk4_1r and Opa11_5r also 

exhibited normal segregation within the 0.1 and 0.05 levels of significance respectively when tested 

in the mapping population. Ninety nine percent agreement was observed between the PsiIk4 CAPS 

and segregation of the PRSV-P resistant phenotype, and consequently the codominant marker 

mapped closer (within 2 cM) to the prsv-1 locus than the dominant RAF marker Opk4_1r. This 

demonstrates the improved reliability of the codominant marker over the dominant RAF marker for 

selecting resistant genotypes. The ability to discriminate reliably between PRSV-P resistant 

homozygotes and heterozygotes makes this marker an attractive tool for marker assisted selection in 

progeny of V. cundinamarcensis.  Genotypes predicted by the Opk4_1r SNP based codominant PCR 

marker were in complete agreement with the PsiIk4 CAPS, and as such, either marker should 

facilitate accurate identification of PRSV-P resistant genotypes.  

In the case of the SnabIa11 CAPS marker, poor consistency was seen between the predicted 

genotype and segregation of the resistant phenotype, and the Opa11_5r RAF marker. This marker 
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correctly predicted phenotype only 70% of the time. This was unexpected since segregation of the 

Opa11_5r RAF marker was in greatest agreement with segregation of the resistant phenotype and 

collocated with the prsv-1 locus on the genetic linkage map. While no explanation for this anomaly 

was determined, several possible explanations were discussed. The Opa11_5r RAF marker 

cosegregated with the resistant phenotype, and therefore would be ideally suited for MAS, and it 

may be worthwhile proceeding to confirm the sequence of both alleles from both species, and 

develop a CAPS using a different enzyme, or a robust SNP-based codominant marker using primer 

extension (SNuPE) or MLPA.  
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Several species of the wild genus Vasconcellea exhibit resistance to the Papaya ringspot virus type 

P (PRSV-P). PRSV-P is a virulent pathogen of C. papaya, and significantly affects papaya 

production worldwide, preventing effective cultivation of this otherwise economically viable fruit 

crop in affected regions. The main aims of the research presented in this thesis were to (i) 

characterise the naturally occurring resistance to PRSV-P identified in Vasconcellea 

cundinamarcensis, (ii) to genetically map the PRSV-P resistance locus and (iii) to develop 

molecular marker systems, via bulked segregant analysis, to assist introgression of virus resistance 

into C. papaya.  

 The population used for this purpose was an F2 interspecific hybrid population generated 

from the PRSV-P resistant species V. cundinamarcensis and the PRSV-P susceptible species V. 

parviflora. This population represents the only reported successful hybridisation between the parent 

species, and therefore a rare opportunity to examine heredity of traits polymorphic between the 

parents including, but not limited to, PRSV-P resistance. The F2 generation segregated for 

resistance to PRSV-P, and a number of morphological characteristics polymorphic between the 

parents, including pink colouration of the flowers, stems and petioles inherited from V. parviflora 

(considered to be of ornamental value), and pubescence of the petioles, inherited from V. 

cundinamarcensis and thought to be associated with cold tolerance. V. parviflora is also resistant to 

papaya ‘dieback’, a serious disease affecting papaya cultivation in Australia, caused by a 

Phytoplasma, for which there is currently no effective method of control (Drew et al. 1998). 

Although resistance to dieback was not studied here, the population should segregate for resistance 

and therefore is a valuable resource for future characterisation of this trait.  

 The parents of the F2 hybrids are considered to be genetically distant relatives within the 

Vasconcellea genus (Van Droogenbroeck et al. 2004), and this was confirmed by the proportion of 

polymorphic randomly amplified DNA fingerprint (RAF) markers (75%) observed between them. 

As a result, genetic instabilities associated with wide crosses may have arisen in the progeny. 

Instabilities occurring in the population can have undesirable effects on trait segregation, distorting 

interpretation. Therefore it was desirable to determine the extent of instability. The level of 

instability was initially inferred from phenotypic characteristics such as F1 seed production, 

viability of hybrid pollen, overall vigour of hybrid plants and by assessing the level of segregation 

distortion for selected morphological traits based on segregation ratios in the F2 population. 

Assessment of hybrid seed production and pollen morphology both indicated that the F1 and F2 

hybrids exhibited an unquantified level of genetic instability, since F1 seed production was reduced 

when compared to the parents, and F2 pollen exhibited abnormal morphology. Inheritance of 

phenotypic markers did not indicate a high level of genetic instability in the F2 population, as all 
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traits adhered to the predicted Mendelian segregation ratios for single gene inheritance. A more 

comprehensive analysis of genetic segregation was achieved using RAF markers which confirmed 

that the interspecific hybrid genome was moderately unstable. Inheritance patterns for 242 markers 

revealed that approximately 30% of markers departed from the predicted ratios and were not 

inherited into the F2 generation according to Mendelian genetics. Similar levels of segregation 

distortion have been reported for other interspecific hybrids. 

 Hybridity of the population was demonstrated by segregation of morphological characters 

polymorphic in the parents. This was confirmed by consistent amplification of all polymorphic 

markers identified in the parents in the three F1 plants examined (L12, L15 and L17), which 

implied the inheritance of one homologous chromosome from each parent according to Mendelian 

principles. Using a phylogenetic approach, analysis of 130 RAF markers for 30 F2 individuals 

similarly showed that these F2 individuals were genetic intermediates of V. cundinamarcensis and 

V. parviflora. 

 The structure of the F2 population was taken into consideration when examining 

segregation of PRSV-P resistance, morphological and molecular markers. Genes or marker alleles 

that were not homozygous in the parents may segregate differently in the three population 

subgroups depending on genotypes of the F1 parents (i.e. Aa x aa or Aa x Aa). To account for this, 

analyses of segregation ratios were conducted across both the sub populations and composite 

populations. Segregation may also have been affected by open pollination of the F1 crossing 

experiment. Because this process is random, we expect to see the parental alleles represented in the 

F2 at similar frequencies, and as such this may not have had a significant effect on segregation 

ratios or genetic mapping.  

 Two sources of resistance to PRSV-P, immunity and tolerance, were identified in 

V. cundinamarcensis based on segregation of the resistant phenotype donated from this species in 

the F2 population. This is a significant finding because it implies the evolution of independent 

defence-related mechanisms for the control of PRSV-P in at least one Vasconcellea species. 

Immunity to PRSV-P was shown to be regulated by a single dominant resistance gene, interpreted 

from 3:1 segregation of resistant : susceptible phenotypes. Plants exhibiting disease or pathogen 

resistance, when other species or cultivars of the same family are susceptible, are considered 

‘immune’ (Matthews 2002). This phenotype is known to be associated with genetic components, 

and many such resistance genes have been characterised (Khetarpal et al. 1998). RT-PCR results 

indicated that viral RNA was not present in the leaves of exposed PRSV-P resistant hybrids, 

supporting the concept of complete immunity of these plants, and implying that immunity to PRSV-

P in V. cundinamarcensis involves an RNA degradation mechanism. RNA degradation is 
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synonymous with immunity to viruses in many plant species (Waterhouse et al. 2001a, b). This 

process is mediated by the formation of double stranded (ds) RNA duplexes between the target 

sequence and other cytoplasmic RNAs (Vaucheret et al. 2001), by post transcriptional gene 

silencing (PTGS).  

Tolerance to PRSV-P, evident from a continuum of response to the virus among susceptible 

plants, appears to be controlled quantitatively since the trait distribution in the F2 population 

adhered to a normal curve. For other plant - pathogen combinations the level of tolerance is shown 

to be dependent on environment, age, resistance gene dosage, and virulence of the pathogen 

(Ioannidou et al. 2000; Marczewski et al. 2001; Friedt et al. 2003; Ioannidou et al. 2003; Yuan et 

al. 2003). Consistently lower virus titres in the hybrid compared to C. papaya, as measured by DAS 

– ELISA, are consistent with an elevated level of tolerance in the hybrids. The significant drop in 

virus titres in the hybrids from winter to summer, which was not observed for C. papaya, also 

supports tolerance of the interspecific hybrids, and might be the product of a dynamic relationship 

between the virus and host that can be influenced by temperature. 

Both modes of resistance share similarities with resistances conferred by two other PRSV-P 

resistant Vasconcellea species, V. cauliflora and V. quercifolia. The resistant phenotype conferred 

by V. cauliflora is similar to the single dominant gene immunity identified in V. cundinamarcensis, 

demonstrated in F1 hybrids of V. cauliflora and C. papaya which were 100% resistant (Magdalita et 

al. 1997, Drew et al. 1998). The gene for PRSV-P resistance present in V. cundinamarcensis and V. 

cauliflora may have evolved from the same origin. PRSV-P resistance conferred by V. quercifolia is 

thought to be regulated by more than one gene, since the resistant phenotype segregates in F1 

progeny and its hybrids exhibit varying levels of tolerance. 

RAF marker segregation in the F2 population was used to construct linkage maps of the 

wild species V. cundinamarcensis and V. parviflora. Both maps were demonstrated to be adequately 

saturated for the  purpose of trait mapping since the expected number of linkage groups, based on 

the haploid chromosome number for Vasconcellea (n=9), compared closely with that obtained for 

the V. parviflora and V. cundinamarcensis framework maps, each consisting of 10 groups. These 

maps were estimated to represent between 49 and 55 percent of their respective genomes. 

Furthermore, the hybrid map, yielded 18 groups, matching to the number of chromosomes present 

in the diploid genome of Vasconcellea (2n=18), corresponding to the separate parent homologues 

for each chromosome.  

Loci for PRSV-P resistance, PRSV-P tolerance and several morphological markers of 

interest were subsequently mapped discretely in the wild species. The linkage maps generated in 

this study also present a valuable resource for genetic mapping and development of markers linked 
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to papaya die back resistance. The single dominant gene for PRSV-P resistance (prsv-1) mapped to 

chromosome 7 of the V. cundinamarcensis map. Several candidate RAF markers were identified 

(OPA15_8 and PbW15_40) which flanked prsv-1 within 4cM, and could potentially be used to 

select for the PRSV-P resistant character in hybrids of V. cundinamarcensis. These markers are 

assumed to be close to, but not “on”, the resistance gene coding sequence since they segregate away 

from the resistant gene (prsv-1), resulting from disruption of linkage disequilibrium between the 

gene and the marker. Although they may be useful for some purposes, marker-assisted selection 

with these markers will involve a level of risk for genotype selection error.  

QTL analysis revealed that a large proportion (83%) of variation in response to PRSV-P 

could be explained by a single QTL (pr1), implying that this is a major QTL. Several markers were 

also identified that could be applied for selection of this trait, however, because the single dominant 

gene provides complete resistance there would be little interest in application of the QTL markers 

for breeding. The identification of this QTL is of significant interest from a biological point of view, 

since its close proximity to prsv-1 implies clustering of multiple resistance genes to a common 

chromosomal region.  

Loci for lobe number (ln), lobe depth (ld) and petiole texture (pt) were the only 

morphological markers mapped in either parent. Failure of the other markers to associate with any 

linkage group may have resulted from use of a single gene model if more than one gene was 

involved, or the application of a binomial method for scoring trait segregation where traits exhibited 

a range of phenotypes. In spite of these inadequacies, several markers were identified which could 

potentially be used to select for these traits such as OPB18_22, OPB8_29 and OPB18_6. Markers 

for petiole texture may be of particular interest as this trait may be associated with cold tolerance 

(Drew et al. 1998).  

Bulked segregant analysis aimed to identify markers with very close linkage to the 

resistance gene, preferably collocating with the resistance gene that could be reliably used for 

marker-assisted selection in breeding programs with V. cundinamarcensis. Twelve markers in total 

were revealed as polymorphic in the bulks, but a screening of the bulk individuals showed that only 

5 of these were present in all resistant individuals. These markers were most likely only weakly 

linked to prsv-1 or linked to genes involved in PRSV-P tolerance. Plants used for the susceptible 

bulk were among those with the highest symptom score, with all but one individual having a mean 

symptom score greater than 2.5 (from 1-5). It is therefore probable that the susceptible bulk carried 

fewer of the gene/s necessary for tolerance, which would be expected to segregate in the resistant 

individuals. This experiment demonstrated that BSA is suitable for revealing markers in 

Vasconcellea. The two markers that mapped closest to prsv-1 were Opk4_1r and Opa11_5r, with 
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the latter collocating with this locus and therefore of particular interest for further characterisation. 

PCR using primers designed from the cloned RAF markers in six Vasconcellea species (including 

V. cundinamarcensis and V. parviflora) and C. papaya yielded fragments of the same size and 

sequence as the RAF marker in all cases, except for Opk4_1r which was not amplified in C. 

papaya. This SCAR was however shown to be present in the papaya genome by southern blotting. 

It was also indicated there are multiple regions with homology to Opk4_1r in the V. 

cundinamarcensis genome.  

The dominant RAF markers identified in this study are not ideally suited to breeding 

because of an inability to genotype heterozygotes. Furthermore, the RAF method is technical, 

labour intensive, requires radionucleotides and expensive reagents and equipment. Therefore this 

method is not ideally suited to routine screening purposes in field laboratories. Codominant markers 

are appealing because they permit discrimination of heterozygote and homozygote genotypes, and 

several types of codominant markers can be generated using technically simple, and inexpensive 

procedures. As demonstrated in this study, the reliability of codominant markers is greater than their 

dominant counterparts. Alignment of the SCAR DNA sequences revealed numerous 

polymorphisms (both SNP and indel) that could be used to develop codominant marker systems for 

screening PRSV-P resistance in hybrids of V. cundinamarcensis and the five other species 

presented. Here, two CAPS markers were presented for the Opk4_1r (psilk4) and Opa11_5r 

(snabIa11) markers based on polymorphic restriction sites between the V. cundinamarcensis and V. 

parviflora SCARs that were diagnostic for the PRSV-P resistance-linked marker allele. When 

screened against the mapping population, the Opk4_1r CAPS diagnosed resistant plants 99% of the 

time, compared to 95% for the RAF marker. A PCR-based SNP marker for this allele was also 

shown to be effective for genotyping when screened in a test sample of 10 plants. Unlike the 

Opa11_5r RAF marker, the snabIa11 CAPS marker did not effectively discriminate between 

PRSV-P resistant and susceptible phenotypes. This was thought to result from erroneous design of 

the CAPS marker.  

Several molecular markers were developed in this study that have significant potential to 

assist breeding for the introgression of useful genes from V. cundinamarcensis or V. parviflora to C. 

papaya. Dominant and co-dominant markers for PRSV-P resistance and tolerance as well as 

pubescence, pink flower and petiole colour have been identified. The gene for PRSV-P resistance 

identified in V. cundinamarcensis is ideally suited to application in breeding programs because of 

it’s dominant nature, and because the resistance imparted by this resembles immunity. There is 

further potential to develop markers for resistance to dieback inherited from V. parviflora. 

Utilisation of wild germplasm via interspecific hybridisation for improvement of cultivated species 
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has been well demonstrated in tomato (Lycopersicon esculentum) and potato (Solanum tuberosum) 

(Monforte et al. 1996; Robert et al. 2001; Barone et al. 2001; Foolad et al. 2002).  

Genetic incompatibilities between the Vasconcellea species and C. papaya present a barrier 

to this process, and as a result successful hybridisation with papaya has only been achieved for a 

limited number of Vasconcellea species to date (Manshardt and Wenslaff 1987; Manshardt and 

Wenslaff 1989; Drew et al. 1998). In particular, hybrids of V. cundinamarcensis and C. papaya 

exhibit low to no fertility (Sawant 1958; Manshardt and Wenslaff 1989b; Drew et al. 1998). 

Examples of MAS in the literature generally involve interspecific hybridisations where the wild and 

cultivated species are compatible. In the case of potato, this compatibility arises due to poor 

differentiation among chromosomes of the different species (Peloquin et al. 1989). In some case, 

levels of interspecific compatibility are overcome by selecting parent combinations that yield 

hybrids with a low incidence of endosperm failure (Barone et al. 2001). 

To overcome this problem in Vasconcellea an indirect breeding approach, in conjunction 

with in vitro embryo rescue, utilising Vasconcellea species that exhibit greater compatibility with C. 

papaya, could bridge hybridisation with the less compatible, but strongly resistant species. Both V. 

parviflora and V. quercifolia exhibited heightened compatibility with C. papaya (Drew et al. 1998). 

Hybridisation experiments between V. cundinamarcensis x V. parviflora homozygous PRSV-P 

resistant F2 hybrids and C. papaya are presently underway at Griffith University as part of a 

masters project,  and the resulting hybrids are being selected using the psilk4 marker.  

Transgenic transfer of the resistant gene identified in this study is an alternative approach 

for developing PRSV-P resistant C. papaya lines, and may be particularly feasible in the long term 

if the intergeneric barriers between Vasconcellea and Carica prove difficult to overcome. 

Chromosome walking could be initiated using molecular markers identified in this study which 

closely flank the prsv-1 locus in V. cundinamarcensis, and resistance gene analogues selected, 

based on sequence homology.  Several classes of resistance genes are distinguishable from 

conservation of specific motifs such as NBS-LRR or protein kinase domains (Ellis et al. 2001a). 

Of the two RAF markers that were sequence characterised, the Opa11_5r marker, which 

collocated with prsv-1, exhibited homology to a protein kinase, and is being considered as a 

resistance gene candidate. Isolation and further characterisation of the complete gene is desirable to 

determine possible functionality of the resulting protein, since only a small portion of the 5’ end of 

the coding region was obtained from sequencing the marker. From this sequence it appeared that the 

Opa11_5r SCAR could represent intact coding DNA. This assumption was based on an absence of 

stop codons in the predicted exons, conservation of intron/exon splice sites, and conservation of 

amino acid sequences within exons of the 7 Caricaceae species examined. The only DNA sequence 
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polymorphism resulting in amino acid changes between the Vasconcellea species was seen in the V. 

quercifolia allele (Opk4_1r, Figure 3.21). This amino acid was not conserved between the Opk4_1r 

SCAR and the top genbank hit (NM_130326; Figure 3.22). Crude non-quantitative analysis of RNA 

expression of this gene was attempted using RT-PCR in uninfected representatives of three species. 

A transcript corresponding with the marker was amplified from cDNA in V. cundinamarcensis, V. 

parviflora and C. papaya. Amplification of this transcript indicated that the predicted introns had 

not been excised from the transcript, at least in uninfected plants. Several possible explanations are 

suggested here: i) the gene is not functional and may represent a pseudogene which is transcribed 

but not translated, ii) the predicted intron/ exon splice sites are incorrect, or iii) the RNA is not 

actively processed in uninfected plants.  

Future prospects for the work initiated in this study include application of the codominant 

marker psilk4 for MAS in breeding programs for PRSV-P resistant C. papaya, and development of 

a second codominant marker based on the Opa11_5r SCAR which would potentially predict 

resistant individuals 100% of the time. There is also potential for genetic mapping and development 

of markers for papaya dieback disease using the F2 population from this study. Cloning of the 

Opa11_5r gene sequence and map-based cloning of the resistance gene locus, offer the possibility 

to identify resistance gene analogues that could be functionally examined by transformation back 

into susceptible plants. This would provide another alternative to intergeneric hybridisation for 

development of resistant plants and may assist in overcoming the omnipotent genetic barriers that 

currently obstruct hybridisation of the Carica and Vasconcellea species. A theoretical problem 

relating, with this approach, is the unknown interaction that may, or not, occur between the new 

mechanism and the physiological expression of the existing genotype into which the gene has been 

introduced (Wolfe and Gessler 1992). 
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Table A1.1. Data collected for PRSV-P screening of F2 individuals 

Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L01-04 S 2.17 0  a 2 1.5 3 + 0.092 + 

L01-10 S 1.00 1 1 dead dead dead + 0.000   

L01-11 S 3.00 1 3 3 0 3 + 0.000   

L01-16 S 3.25 0 4.5 3.5 2 3 + 0.000   

L01-18 S 2.50 0 3 4 1 2 + 0.000   

L03-02 S 1.17 0 1.5 1 1 dead + 0.398 + 

L05-04 S 2.75 0 3 2 2 4 + 0.191 + 

L05-07 S 3.63 1 3 4.5 4 3 + 0.105 + 

L06-04 S 1.50 0 1 0 0 2 + 0.127 + 

L07-01 S 3.88 0 3 3.5 4 5 + 0.005   

L08-12 S 3.00 0 4.5 3.5 1 3 + 0.152 + 

L08-15 S 2.50 1 3 3 1 3 + 0.006   

L11-01 S 1.88 0 1 3.5 1 2 + 0.109 + 

L11-05 S 3.25 0 3 4 2 4 + 0.015   

L11-08 S 1.88 0 2 2.5 1 2 + 0.000   

L11-09 S 2.00 0 3 1 0 2 + 0.053   

L11-12 S 3.50 1 3 3.5 0 4 + 0.000   

L11-16 S 1.25 0 1 1 1 2 + 0.071 + 

L12-16 S 3.67 1 3 a 3 5 + 0.004   

L12-28A S 1.67 0 2 0 1 2 + 0.003   

L12-29A S 1.50 0 0 0 0 1.5 + 0.000   

L12-36 S 0.25 0 0 0 0 1 a 0.005   

L13-12 S 2.13 0 1 4 1.5 2 + 0.000   

L13-17 S 3.25 1 4.5 3.5 1 4 + 0.057   

L14-06A S 2.88 0 3 2 1.5 5 + 0.050   

L14-08 S 3.00 0 3 2 3 4 + 0.181 + 

L14-08A S 2.38 0 3 3.5 0 3 + 0.067 + 

L14-09 S 2.75 0 2 2 3 4 a 0.013 + 

L14-21 S 1.83 0 1 2.5 0 2 + 0.039   

L15-03 S 2.83 1 3 2.5 a 3 + 0.118   

L15-05 S 2.00 1 2 1 2 3 + 0.008   

L15-07 S 2.75 1 3 4 1 3 + 0.007   

L15-12 S 3.25 1 4.5 2.5 2 4 + 0.006   

L15-17 S 0.00 1 dead dead dead dead a 0.013   

L15-19 S 4.13 1 4.5 3.5 4.5 4 + 0.080 + 

L15-20 S 4.50 1 4.5 dead dead dead + 0.094 + 

L15-21 S 2.25 0 0 2 2.5 dead a 0.009   

L16-01 S 3.25 0 4.5 2.5 1 5 + 0.020   
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Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L16-02 S 2.50 0 3 2.5 1.5 3 + 0.091 + 

L16-02A S 1.88 1 2 2.5 1 2 + 0.000   

L16-03 S 4.17 1 4.5 3.5 4.5 0 + 0.072 + 

L16-09 S 2.75 0 2 3.5 2.5 3 + 0.000   

L16-14 S 2.00 0 3 0 2 1 + 0.000   

L16-15 S 2.63 1 2 3 2.5 3 + 0.014   

L17-01A S 2.88 1 3 3.5 1.5 3.5 + 0.650 + 

L17-03 S 4.38 1 4.5 5 3.5 4.5 + 0.000   

L17-03A S 2.00 0 2 2 0 4 + 0.040   

L17-05 S 3.50 1 4.5 2.5 2.5 4.5 + 0.140 + 

L17-09A S 2.33 1  a 4 1 2 + 0.130 + 

L17-13A S 1.00 0 0 0 0 1 + 0.000   

L17-16A S 1.50 0 0 0 0 1.5 a 0.000   

L17-17A S 2.17 1 2 a 1 3.5 + 0.700 + 

L17-19 S 2.75 1 3 2 2 4 + 0.000   

L17-23 S 3.00 0 0 3 3 3 + 0.166 + 

L17-24 S 3.00 0 4.5 3 1.5 3 + 0.160 + 

L17-27 S 2.63 1 4.5 4 1 1 + 0.200 + 

L17-33 S 2.50 0 0 0 3 2 + 0.000   

L17-35 S 0.00 1 dead dead dead dead a 0.000   

L17-38 S 2.88 1 2 3 2.5 4 + 1.950 + 

L01-01 R 0.00 0 0 0 0 0 a 0.063 + 

L01-03 R 0.00 0 0 0 0 0 a 0.036   

L01-06 R 0.00 0 0 0 0 0 a 0.097 + 

L01-07 R 0.00 0 0 0 0 0 a 0.042   

L01-08 R 0.00 0 0 0 0 0 a 0.915 + 

L01-09 R 0.00 0 0 0 0 0 a 0.000   

L01-12 R 0.00 0 0 0 0 0 a 0.000   

L01-13 R 0.00 0 0 0 0 0 a 0.000   

L01-14 R 0.00 0 0 0 0 0 a 0.030   

L01-17 R 0.00 0 0 0 0 0 a 0.054   

L02-01 R 0.00 0 0 0 0 0 - 0.169 + 

L02-02 R 0.00 0 0 0 0 0 a 0.192 + 

L03-02A R 0.00 0 0 0 0 0 a 0.028   

L03-04 R 0.00 0 dead dead dead dead a 0.097 + 

L04-01 R 0.00 0 0 0 0 0 a 0.006   

L04-03 R 0.00 0 0 0 0 0 a 0.099 + 

L04-04 R 0.00 0 0 0 0 0 a 0.016   

L05-01 R 0.00 0 0 0 0 0 a 0.048   
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Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L05-01A R 0.00 0 0 0 0 0 a 0.000   

L05-02 R 0.00 0 0 0 dead dead a 0.068 + 

L05-03 R 0.00 0 0 0 0 0 a 0.000   

L05-05 R 0.00 0 0 0 0 0 - 0.110 + 

L05-06 R 0.00 0 0 0 0 0 a 0.013   

L06-02 R 0.00 0 0 0 0 0 a 0.011   

L06-03 R 0.00 0 0 0 0 0 - 0.006   

L06-05 R 0.00 0 0 0 0 0 a 0.000   

L06-07 R 0.00 0 0 0 0 0 a 0.034   

L06-08 R 0.00 0 0 0 0 0 a 0.000   

L06-09 R 0.00 0 0 0 0 0 a 0.000   

L06-11 R 0.00 0 0 0 0 0 a 0.005   

L06-16 R 0.00 0 0 0 0 0 a 0.060 + 

L07-02 R 0.00 0 0 0 0 0 a 0.006   

L07-04 R 0.00 0 0 0 0 0 a 0.042   

L08-01 R 0.00 0 0 0 0 0 a 0.009   

L08-03 R 0.00 0 0 0 0 0 a 0.001   

L08-04 R 0.00 0 0 0 0 0 a 0.011   

L08-05 R 0.00 0 0 0 0 0 - 0.062 + 

L08-06 R 0.00 0 0 0 0 0 a 0.002   

L08-07 R 0.00 0 0 0 0 0 a 0.005   

L08-08 Φ R 0.00 0 0 0 0 0 a 0.009   

L08-09 R 0.00 0 0 0 0 0 a 0.004   

L08-10 R 0.00 0 0 0 0 0 - 0.000   

L08-14 R 0.00 0 0 0 0 0 a 0.000   

L08-17 R 0.00 0 0 0 0 0 a 0.000   

L08-18 R 0.00 0 0 0 0 0 a 0.012   

L08-19 R 0.00 0 0 0 0 0 a 0.005   

L08-20 R 0.00 0 0 0 0 0 a 0.000   

L09-01 R 0.00 0 0 0 0 0 a 0.005   

L09-02 R 0.00 0 0 0 0 0 a 0.000   

L11-02 R 0.00 0 0 0 0 0 a 0.000   

L11-03 R 0.00 0 0 0 0 0 a 0.083 + 

L11-06 R 0.00 0 0 0 0 0 - 0.025   

L11-07 R 0.00 0 0 0 0 0 a 0.074 + 

L11-10 R 0.00 0 0 0 0 0 - 0.063 + 

L11-14 R 0.00 0 0 0 0 0 a 0.000   

L11-15 R 0.00 0 0 0 0 0 a 0.014   

L12-01 R 0.00 0 0 0 0 0 a 0.006   
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Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L12-02 R 0.00 0 0 0 0 0 - 0.004   

L12-02B R 0.00 0 0 0 0 0 a 0.002   

L12-04 R 0.00 0 0 0 0 0 a 0.003   

L12-05 R 0.00 0 0 0 0 0 a 0.012   

L12-06 R 0.00 0 0 0 0 0 a 0.002   

L12-07 R 0.00 0 0 0 0 0 a 0.002   

L12-08 R 0.00 0 0 0 0 0 a 0.002   

L12-09 R 0.00 0 0 0 0 0 - 0.000   

L12-12 R 0.00 0 0 0 0 0 a 0.000   

L12-14 R 0.00 0 0 0 0 0 a 0.001   

L12-15 R 0.00 0 0 0 0 0 a 0.004   

L12-17 R 0.00 0 0 0 0 0 a 0.007   

L12-18 R 0.00 0 0 0 0 0 a 0.016   

L12-19 R 0.00 0 0 0 0 0 a 0.010   

L12-20 R 0.00 0 0 0 0 0 a 0.003   

L12-23 R 0.00 0 0 0 0 0 - 0.012   

L12-24 R 0.00 0 0 0 0 0 a 0.000   

L12-25 Φ R 0.00 0 0 0 0 0 a 0.103 + 

L12-25A R 0.00 0 0 0 0 0 a 0.006   

L12-26 R 0.00 0 0 0 0 0 a 0.002   

L12-26A R 0.00 0 0 0 0 0 a 0.000   

L12-27 R 0.00 0 0 0 0 0 a 0.071 + 

L12-28 R 0.00 0 0 0 0 0 a 0.025   

L12-29 R 0.00 0 0 0 0 0 - 0.000   

L12-30 R 0.00 0 0 0 0 0 a 0.000   

L12-31 R 0.00 0 0 0 dead dead - 0.036   

L12-33 R 0.00 0 0 0 0 0 a 0.005   

L12-34 R 0.00 0 0 0 0 0 a 0.003   

L12-35 R 0.00 0 0 0 0 0 - 0.008   

L12-37 R 0.00 0 dead dead dead dead a 0.003   

L12-38 Φ R 0.00 0 0 0 0 0 a 0.006   

L12-39 R 0.00 0 0 0 0 0 a 0.004   

L13-02 R 0.00 0 0 0 0 0 - 0.000   

L13-03 R 0.00 0 0 0 0 0 a 1.875 + 

L13-04 Φ R 0.00 0 0 0 0 0 a 0.099 + 

L13-05 R 0.00 0 0 0 0 0 a 0.000   

L13-07 Φ R 0.00 0 0 0 0 0 a 0.000   

L13-08 R 0.00 0 0 0 0 0 a 0.000   

L13-09 R 0.00 0 0 0 0 0 a 0.000   
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Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L13-10 R 0.00 0 0 0 0 0 a 0.029   

L13-11 R 0.00 0 0 0 0 0 a 0.000   

L13-13 R 0.00 0 0 0 0 0 a 0.000   

L13-14 R 0.00 0 0 0 0 0 a 0.000   

L13-16 Φ R 0.00 0 0 0 0 0 a 0.000   

L13-18 R 0.00 0 0 0 0 0 a 0.000   

L13-19 R 0.00 0 0 0 0 0 a 0.000   

L13-20 R 0.00 0 0 0 0 0 a 0.000   

L13-21 R 0.00 0 0 0 0 0 a 0.000   

L14-01 R 0.00 0 0 0 0 0 a 0.065 + 

L14-02 Φ R 0.00 0 0 0 0 0 a 0.000   

L14-02A R 0.00 0 0 0 0 0 a 0.098 + 

L14-03 Φ R 0.00 0 0 0 0 0 a a  

L14-05 R 0.00 0 0 0 0 0 a 0.020   

L14-05A R 0.00 0 0 0 0 0 - 0.100 + 

L14-06 Φ R 0.00 0 0 0 0 0 a 0.003   

L14-07 R 0.00 0 0 0 0 0 a 0.067 + 

L14-07A Φ R 0.00 0 0 0 0 0 a 0.064 + 

L14-10 R 0.00 0 0 0 0 0 a 0.074 + 

L14-11 R 0.00 0 0 0 0 0 a 0.052   

L14-12 Φ R 0.00 0 0 0 0 0 a 0.055   

L14-14 R 0.00 0 0 0 0 0 a 0.143 + 

L14-16 R 0.00 0 0 0 0 0 a 0.000   

L14-17 R 0.00 0 0 0 0 0 a 0.122 + 

L14-18 Φ R 0.00 0 0 0 0 0 a 0.013   

L14-19 R 0.00 0 0 0 0 0 a 0.054   

L14-1A R 0.00 0 0 0 0 0 a 0.018   

L14-22 R 0.00 0 0 0 0 0 a 0.070 + 

L14-23 R 0.00 0 0 0 0 0 a 0.000   

L14-24 Φ R 0.00 0 0 0 0 0 a 0.125 + 

L14-25 R 0.00 0 0 0 0 0 - 0.004   

L14-26 R 0.00 0 0 0 0 0 a 0.058   

L14-27 Φ R 0.00 0 0 0 0 0 a 0.147 + 

L14-28 Φ R 0.00 0 0 0 0 0 a a  

L15-01 R 0.00 0 0 0 0 0 - 0.008   

L15-01A Φ R 0.00 0 0 0 0 0 a a  

L15-02 R 0.00 0 0 0 0 0 a 0.004   

L15-04 R 0.00 0 0 0 0 0 a 0.000   

L15-06 R 0.00 0 0 0 0 0 a 0.010   
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Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L15-08 R 0.00 0 0 0 0 0 a 0.011   

L15-09 R 0.00 0 0 0 0 0 a 0.014   

L15-11 R 0.00 0 0 0 0 0 a 0.009   

L15-13 R 0.00 0 0 0 0 0 a 0.005   

L15-14 Φ R 0.00 0 0 0 0 0 a 0.007   

L15-16 R 0.00 0 0 0 0 0 a 0.002   

L15-22 R 0.00 0 0 0 0 0 a 0.005   

L15-23 R 0.00 0 0 0 0 0 a 0.000   

L15-24 R 0.00 0 0 0 0 0 - 0.063 + 

L15-25 R 0.00 0 0 0 0 0 a 0.001   

L15-26 R 0.00 0 0 0 0 0 a 0.006   

L15-27 R 0.00 0 0 0 0 0 a 0.031   

L15-29 R 0.00 0 0 0 0 0 a 0.004   

L16-01A R 0.00 0 0 0 0 0 - 0.000   

L16-07 R 0.00 0 0 0 0 0 a 0.000   

L16-10 R 0.00 0 0 0 0 0 a 0.032   

L16-12 R 0.00 0 0 0 0 0 a 0.019   

L16-13 R 0.00 0 0 0 0 0 a 0.000   

L17-01 R 0.00 0 0 0 0 0 a 0.132 + 

L17-02 R 0.00 0 0 0 0 0 a 0.000   

L17-02A R 0.00 0 0 0 0 0 a 0.000   

L17-05A R 0.00 0 0 0 dead dead a 0.000   

L17-06 R 0.00 0 0 0 a 0 a 0.040   

L17-07 R 0.00 0 0 0 0 0 a 0.000   

L17-07A R 0.00 0 0 0 0 0 - 0.000   

L17-08 R 0.00 0 0 0 0 0 a 0.028   

L17-08A Φ R 0.00 0 0 0 0 0 a 0.010   

L17-09 R 0.00 0 0 0 0 0 a 0.000   

L17-10 R 0.00 0 0 0 0 0 a 0.000   

L17-11 R 0.00 0 0 0 0 0 a 0.010   

L17-11A R 0.00 0 0 0 0 0 a 0.000   

L17-12 R 0.00 0 0 0 0 0 a 0.010   

L17-13 R 0.00 0 0 0 0 0 a 0.000   

L17-14A R 0.00 0 0 0 0 0 a 0.010   

L17-15 R 0.00 0 0 0 0 0 a 0.000   

L17-15A R 0.00 0 0 0 0 0 a 0.000   

L17-16 R 0.00 0 0 0 0 0 a 0.010   

L17-17 R 0.00 0 0 0 0 0 a 0.000   

L17-18 R 0.00 0 0 0 a a a 0.000   



     Appendix 1.0 
 
 

 
- 225 - 

 
 

Symptom collection point 

F2 Class 

mean 
symptom 

score 
Up to 

Dec 02 Feb 03 Jun 03 Jan 04 May 04 

RT-PCR 
result 

ELISA 
Abs ST ø 

L17-18A R 0.00 0 0 0 0 0 a 0.000   

L17-19A R 0.00 0 0 0 0 0 a 0.000   

L17-20 R 0.00 0 0 0 0 0 a 0.000   

L17-21 R 0.00 0 0 0 0 0 a 0.000   

L17-21A Φ R 0.00 0 0 0 0 0 a 0.020   

L17-22 R 0.00 0 0 0 0 0 a 0.000   

L17-25 R 0.00 0 0 0 0 0 a 0.000   

L17-28 R 0.00 0 0 0 0 0 a 0.000   

L17-29 R 0.00 0 0 0 0 0 a 0.000   

L17-30 R 0.00 0 0 0 dead dead a 0.150 + 

L17-32 R 0.00 0 0 0 0 0 - 0.000   

L17-34 R 0.00 0 0 0 0 0 a 0.000   

L17-36 R 0.00 0 0 0 0 1 - 0.000   
 

Symptom assessment points are abbreviated for each respective month and year (i.e. Jan 2003 becomes Jan 

03). Development of symptoms up until Dec 2002 was recorded as presence (1) or absence (0). Plants were 

cut back to promote lateral growth and the 1-5 scale was used from Feb 03 onwards. Plants exceeding the 

susceptibility threshold (ST) are marked as + . Φ symbol indicates F2 symptom free plants challenged with 

PRSV-P in the filed 12 months after the first inoculation. Symbol a indicates missing data for F2 individuals. 
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Table A1.2. Segregation of PRSV-P resistance and morphological in the F2 progeny of V. cundinamarcensis 

and V. parviflora 

 

F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L01-01 R 0 0 0 0 0 0 0 1 0 0 

L01-03 R 0 1 0 0 2 1 0 1 0 0 

L01-04 S 2.17 0 0 1 2 1 0 1 0 1 

L01-06 R 0 0 0 0 2 1 0 0 0 1 

L01-07 R 0 0 0 0 0 1 1 1 0 1 

L01-08 R 0 0 0 0 0 1 0 0 0 1 

L01-09 R 0 1 1 1 1 1 1 0 1 1 

L01-10 S 1 0 0 0 2 0 1 0 0 0 

L01-11 S 3 0 0 0 0 1 0 1 0 1 

L01-12 R 0 0 0 0 0 1 0 1 0 1 

L01-13 R 0 0 0 0 2 1 0 0 0 0 

L01-14 R 0 1 0 1 1 1 0 1 0 1 

L01-16 S 3.25 1 1 1 1 1 1 1 0 1 

L01-17 R 0 1 1 1 1 0 1 0 0 1 

L01-18 S 2.50 0 1 0 2 1 0 1 0 1 

L02-01 R 0 - - - - - 1 1 0 0 

L02-02 R 0 1 1 0 2 1 1 1 0 0 

L03-01* - 0 0 0 0 0 1 0 1 1 0 

L03-02 S 1.17 1 1 - 2 1 0 1 0 0 

L03-04 R 0 1 1 1 1 1 1 0 0 0 

L03-02A R 0 - - - - - 0 0 0 0 

L04-01 R 0 0 0 1 0 1 0 0 0 0 

L04-03 R 0 0 0 0 2 1 0 0 0 1 

L04-04 R 0 0 0 0 0 1 0 0 0 0 

L05-01 R 0 0 0 1 1 1 0 0 1 1 

L05-01A R 0 - - - - - 1 1 0 0 

L05-02 R 0 1 0 1 2 1 0 0 1 1 

L05-03 R 0 1 0 1 1 1 1 1 0 0 

L05-04 S 2.75 0 0 0 2 1 0 0 0 0 

L05-05 R 0 - - - - - 1 0 0 1 

L05-06 R 0 0 1 1 2 1 1 0 0 1 

L05-07 S 3.63 0 0 1 2 1 1 1 0 0 

L06-02 R 0 1 0 0 2 1 0 1 0 0 

L06-03 R 0 1 1 1 1 1 1 1 0 1 

L06-04 S 1.50 1 1 1 1 1 1 0 0 0 

L06-05 R 0 1 1 1 1 1 1 1 0 1 

L06-07ø R 0 - - - - - - - - - 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L06-08 R 0 - - - - - 0 1 0 0 

L06-09 R 0 0 0 0 2 1 0 0 0 0 

L06-11 R 0 0 0 0 2 1 1 0 1 1 

L06-16ø R 0 - - - - - - - - - 

L07-01 S 3.88 1 1 1 1 1 1 0 0 0 

L07-02 R 0 0 0 0 2 1 0 1 0 0 

L07-04 R 0 1 1 1 1 1 1 1 0 1 

L08-01 R 0 1 0 1 1 1 0 1 0 0 

L08-03 R 0 1 0 1 2 1 0 1 0 0 

L08-04 R 0 0 0 0 0 0 0 1 1 1 

L08-05 R 0 1 1 1 1 1 1 1 0 0 

L08-06 R 0 0 0 0 0 1 1 0 0 0 

L08-07 R 0 0 0 0 0 1 0 0 0 0 

L08-08 R 0 - - - - - 0 1 0 0 

L08-09 R 0 - - - - - 0 1 1 0 

L08-10 R 0 1 1 1 2 1 0 0 0 0 

L08-12 S 3.00 0 0 0 0 1 0 1 0 0 

L08-14 R 0 1 1 1 1 1 1 0 0 1 

L08-15 S 2.50 1 1 0 1 1 1 0 1 1 

L08-17 R 0 1 1 1 1 1 1 0 0 0 

L08-18 R 0 1 1 1 1 1 - - - - 

L08-19 R 0 1 1 1 1 1 1 1 0 0 

L08-20 R 0 1 1 1 1 1 1 1 0 0 

L09-01 R 0 0 0 0 0 1 1 0 0 0 

L09-02 R 0 0 0 0 2 1 1 0 0 0 

L09-03* - 0 1 1 1 1 1 1 0 0 1 

L11-01 S 1.88 0 0 0 2 1 1 0 0 0 

L11-02 R 0 - - - - - 1 1 0 1 

L11-03 R 0 - - - - - 0 0 0 0 

L11-05 S 3.25 - - - - - 0 0 1 1 

L11-06 R 0 1 0 0 2 1 1 1 0 1 

L11-07 R 0 1 0 1 2 1 1 0 0 0 

L11-08 S 1.88 1 0 1 1 1 1 1 0 0 

L11-09 S 2.00 0 0 0 0 1 1 0 1 1 

L11-10 R 0 0 0 0 0 1 0 0 0 1 

L11-12 S 3.50 1 1 1 1 1 0 0 0 0 

L11-13* - 0 0 1 1 2 1 1 0 1 1 

L11-14 R 0 0 0 0 0 0 0 0 1 0 

L11-15 R 0 - - - - - 0 0 0 1 

L11-16 S 1.25 0 0 0 0 1 0 1 1 1 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L12-01 R 0 - - - - - 0 0 0 0 

L12-02 R 0 0 0 0 2 1 1 0 0 1 

L12-02B R 0 1 1 1 2 1 1 0 0 1 

L12-04 R 0 0 0 0 2 1 0 0 0 0 

L12-05 R 0 0 0 0 - 1 0 0 1 0 

L12-06 R 0 0 1 0 2 1 0 0 0 0 

L12-07 R 0 - - - - - 0 0 0 0 

L12-08 R 0 1 1 1 1 1 1 0 0 0 

L12-09 R 0 - - - - - 1 1 0 0 

L12-12 R 0 0 0 0 0 1 0 0 0 0 

L12-14 R 0 - - - - - 0 0  1 

L12-15 R 0 1 0 0 2 1 0 1 0 0 

L12-16 S 3.67 1 1 1 2 1 1 0 0 1 

L12-17 R 0 0 0 0 2 1 1 0 0 0 

L12-18 R 0 1 1 1 2 1 1 0 1 1 

L12-19 R 0 - - - - - 0 0 0 0 

L12-20 R 0 - - - - - 1 0 1 1 

L12-23ø R 0 - - - - - - - - - 

L12-24 R 0 1 0 1 1 1 0 1 1 1 

L12-25 R 0 1 1 1 1 1 - - - - 

L12-25A R 0 0 0 0 2 0 0 0 0 1 

L12-26 R 0 1 0 - 1 1 1 0 0 1 

L12-26A R 0 - - - - - 1 1 0 0 

L12-27ø R 0 - - - - - - - - - 

L12-28 R 0 1 0 1 1 1 1 0 0 1 

L12-28A S 1.67 1 1 1 1 1 1 1 1 0 

L12-29 R 0 1 1 1 1 1 1 1 0 0 

L12-29A S 1.50 0 0 0 0 1 1 0 0 0 

L12-30 R 0 1 1 1 1 1 0 1 0 1 

L12-31 R 0 1 0 0 2 1 1 0 1 1 

L12-33 R 0 0 1 1 2 1 0 0 0 1 

L12-34 R 0 0 0 0 0 1 1 1 0 1 

L12-35 R 0 0 0 0 0 0 0 1 0 0 

L12-36ø S 1.0 - - - - - - - - - 

L12-37 R 0 1 1 1 1 1 1 0 1 1 

L12-38 R 0 - - - - - 1 1 0 1 

L12-39 R 0 0 0 0 2 1 1 0 0 0 

L13-02 R 0 0 1 0 2 1 1 0 0 1 

L13-03 R 0 1 1 1 2 1 1 0 0 0 

L13-04ø R 0 - - - - - - - - - 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L13-05 R 0 0 0 0 2 1 1 1 1 1 

L13-07 R 0 - - - - - 0 1 0 0 

L13-08 R 0 0 1 0 2 1 1 0 0 0 

L13-09 R 0 0 1 0 0 1 0 0 0 1 

L13-10 R 0 - - - - - 1 1 1 1 

L13-11 R 0 1 1 1 1 1 1 1 0 0 

L13-12ø S 2.13 - - - - - - - - - 

L13-13 R 0 1 1 - 2 1 1 0 0 0 

L13-14 R 0 1 1 1 1 1 1 0 0 0 

L13-16 R 0 0 0 0 0 0 0 0 0 0 

L13-17 S 3.25 1 0 1 1 1 0 0 0 0 

L13-18 R 0 0 0 0 0 1 1 0 0 0 

L13-19 R 0 - - - - - 0 0 1 1 

L13-20 R 0 0 1 - 2 1 1 1 0 1 

L13-21 R 0 - - - - - 1 0 0 0 

L14-01 R 0 0 0 0 0 1 1 0 1 1 

L14-01A R 0 0 0 1 0 1 0 1 1 0 

L14-02ø R 0 - - - - - - - - - 

L14-02A R 0 - - - - - 0 0 0 1 

L14-03 ø R 0 - - - - - - - - - 

L14-04* - 0 1 0 1 1 1 1 1 0 1 

L14-05ø R 0 - - - - - - - - - 

L14-05A R 0 1 1 1 1 1 0 1 0 0 

L14-06 R 0 - - - - - 1 1 0 0 

L14-06A S 2.88 - - - - - 1 0 1 1 

L14-07 R 0 0 0 0 2 1 - - - - 

L14-07A R 0 - - - - - - - - - 

L14-08 S 3 1 1 1 1 1 - - - - 

L14-08Aø S 2.38 - - - - - - - - - 

L14-09 S 2.75 1 1 1 1 1 1 0 0 1 

L14-10 R 0 0 1 1 1 1 1 0 0 0 

L14-11ø R 0 - - - - - - - - - 

L14-12ø R 0 - - - - - - - - - 

L14-14 R 0 0 0 0 2 1 - - - - 

L14-16 R 0 0 0 0 0 1 0 0 1 1 

L14-17 R 0 1 1 1 1 1 1 0 1 1 

L14-18ø R 0 - - - - - - - - - 

L14-19 R 0 0 0 0 0 1 0 1 0 0 

L14-21 S 1.83 1 1 1 1 1 0 1 0 0 

L14-22 R 0 0 0 0 0 1 - - - - 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L14-23 R 0 0 0 0 0 1 0 1 0 1 

L14-24ø R 0 - - - - - - - - - 

L14-25 R 0 0 0 0 2 1 0 0 0 0 

L14-26 R 0 1 1 0 1 1 1 1 0 0 

L14-27ø R 0 - - - - - - - - - 

L14-28 ø R 0 - - - - - - - - - 

L15-01 R 0 1 1 1 1 1 0 0 1 0 
L15-01A 
ø R 0 1 1 1 1 1 1 1 1 1 

L15-02 R 0 0 0 0 0 1 0 1 0 0 

L15-03 S 2.83 1 1 1 1 1 1 0 0 0 

L15-04ø R 0 - - - - - - - - - 

L15-05 S 2 1 1 1 1 1 - - -  

L15-06 R 0 1 0 1 1 1 1 0 0 0 

L15-07 S 2.75 0 0 0 2 1 1 0 0 0 

L15-08 R 0 1 1 0 2 1 0 0 0 0 

L15-09 R 0 0 0 0 2 1 0 0 0 0 

L15-11 R 0 0 0 0 2 1 1 0 0 0 

L15-12ø S 3.25 - - - - - - - - - 

L15-13 R 0 1 0 0 2 1 1 0 0 0 

L15-14 R 0 - - - - - 1 1 0 0 

L15-16 R 0 1 1 1 1 1 0 0 0 0 

L15-17α S 0 1 1 1 1 1 1 1 0 1 

L15-19 S 4.13 0 0 0 0 1 1 0 1  

L15-20 S 4.50 - - - - - 1 0 0 1 

L15-21 S 2.25 - - - - - 1 1 0 0 

L15-22 R 0 - - - - - 1 0 0 1 

L15-23 R 0 0 0 0 0 0 0 0 0 0 

L15-24 R 0 - - - - - 0 0 0 0 

L15-25 R 0 1 0 1 1 1 1 0 0 0 

L15-26 R 0 1 1 1 1 1 1 0 0 0 

L15-27 R 0 1 0 1 2 1 0 1 0 1 

L15-29 R 0 0 0 0 0 1 1 1 0 1 

L16-01 S 3.25 1 1 1 1 1 0 1 0 0 

L16-01A R 0 0 0 0 0 1 0 0 1 1 

L16-02 S 2.50 1 1 1 1 1 1 0 0 0 

L16-02A S 1.88 1 1 1 1 1 1 0 0 0 

L16-03 S 4.17 0 0 0 0 1 0 0 0 0 

L16-07 R 0 1 1 1 1 1 0 1 1 0 

L16-09 S 2.75 - - - - - 0 0 1 1 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L16-10 R 0 0 0 0 2 1 - - - - 

L16-11* - 0 1 1 1 1 1 1 0 0 1 

L16-12 R 0 1 0 0 2 1 0 1 0 0 

L16-13 R 0 0 0 0 2 1 1 0 0 0 

L16-14 S 2 0 0 0 0 1 1 1 0 0 

L16-15 S 2.63 - - - - - 1 0 0 0 

L16-16* - 0 1 1 1 1 1 0 1 0 0 

L17-01ø R 2.88 - - - - - - - - - 

L17-01Aø S 0 - - - - - - - - - 

L17-02 R 0 0 0 1 2 1 0 0 0 0 

L17-02A R 0 1 1 1 2 1 0 0 0 0 

L17-03 S 4.38 1 1 1 1 1 0 0 1 0 

L17-03Aø S 2 - - - - - - - - - 

L17-05 S 3.50 1 1 1 1 1 0 0 0 0 

L17-05A R 0 0 0 0 2 1 - - - - 

L17-06 R 0 1 1 1 1 1 1 0 0 1 

L17-07 R 0 1 1 1 1 1 1 0 1 1 

L17-07A R 0 - - - - - 0 1 0 0 

L17-08 R 0 1 0 1 1 1 0 1 0 0 

L17-08A R 0 - - - - - 0 1 0 0 

L17-09 R 0 1 1 1 1 1 0 1 0 1 

L17-09A S 2.33 0 0 0 0 1 1 0 1 0 

L17-10 R 0 - - - - - 1 0 1 1 

L17-11 R 0 1 0 0 0 0 0 1 0 1 

L17-11A R 0 - - - - - 1 0 0 0 

L17-12 R 0 - - - - - 0 0 0 0 

L17-13 R 0 0 0 0 0 1 0 1 0 1 

L17-13A S 1 - - - - - 1 0 0 1 

L17-14Aø R 0 - - - - - - - - - 

L17-15 R 0 1 1 1 1 1 1 1 0 0 

L17-15A R 0 0 1 1 2 1 0 0 0 0 

L17-16 R 0 0 0 0 0 1 0 1 0 0 

L17-16A S 1.50 0 0 0 2 1 - - - - 

L17-17 R 0 0 0 0 2 1 1 0 0 0 

L17-17A S 2.17 - - - - - - - 0 0 

L17-18 R 0 1 1 1 1 1 1 0 0 0 

L17-18A R 0 - - - - - 1 0 0 1 

L17-19 S 2.75 1 1 1 1 1 1 1 1 0 

L17-19A R 0 1 1 1 1 1 1 0 1 1 

L17-20 R 0 1 1 1 1 1 1 0 1 1 
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F2 
PRSV-P 

phenotype 
Symptom 

score LN LD SN OV VN PT PC SC VC 

L17-21 R 0 1 1 1 2 1 1 1 0 1 

L17-21A R 0 - - - - - 0 0 0 0 

L17-22 R 0 - - - - - 1 1 1 0 

L17-23 S 3 0 0 0 0 1 - - - - 

L17-24 S 3 - - - - - 0 1 0 0 

L17-25 R 0 0 0 0 0 1 0 0 0 1 

L17-27 S 2.63 - - - - - 0 0 1 0 

L17-28 R 0 1 1 1 1 1 0 1 0 0 

L17-29 R 0 - - - - - 0 0 0 0 

L17-30 R 0 1 1 1 1 1 1 0 0 0 

L17-32ø R 0 - - - - - - - - - 

L17-33 S 2.50 0 0 0 2 1 0 0 1 0 

L17-34 R 0 1 1 1 1 1 0 0 0 0 

L17-35α S 0.00 - - - - - 0 1 1 0 

L17-36 R 0 - - - - - 1 0 0 1 

L17-38 S 2.88 1 0 1 2 1 0 0 0 0 
Of the F2 individuals presented, 6 were not included in the PRSV-P screening trial (marked *), and 22 were 

not included in the morphological marker analysis (marked ø). All remaining F2 individuals were scored for 

PRSV-P resistance and morphological characters as described in the methods. Phenotype scores for PRSV-P 

resistance were R = resistant and S = susceptible. Individuals L17-35 and L15-17 (denoted  α) were classed 

as susceptible based on development of symptoms within the first 6 months but died before symptom score 

was recorded.  
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Table A1.3. F1 interspecific hybrids 

F1 Plant Sex Status  Number of  
F2 progeny 

VL1 F Field 15 
VL2 F Field 2 
VL3 F Field 3 
VL4 unk. dead  3 
VL5 F Field 8 
VL6 unk. dead  9 
VL7 unk. dead  3 
VL8 F Field 16 
VL9 F Field 2 
VL10 F Field  0 
VL11 F Field 13 
VL12 H Field 37 
VL13 M/H Field 18 
VL14 H Field 30 
VL15 H Field 26 
VL16 M/H Field 12 
VL17 H Field 49 
Total 17  249 
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Table A2.1. Inheritance of dominant alleles for phenotypic markers mapped in the F2 
 

 
# F2 plant  

PRSV-P 
resistant 

Phenotype 
Symptom 

score ln ld sn vn pt pc sc vc 
1 L17-21A 1 - - - - - 1 1 1 1 
2 L17-19A 1 - 0 0 1 0 0 1 0 0 
3 L17-11A 1 - - - - - 0 1 1 1 
4 L17-21 1 - 0 0 1 0 0 0 1 0 
5 L17-9 1 - 0 0 1 0 1 0 1 0 
6 L17-20 1 - 0 0 1 0 0 1 0 0 
7 L17-35 0 - - - - - 1 0 0 1 
8 L17-16 1 - 1 1 0 0 1 0 1 1 
9 L17-8 1 - 0 1 1 0 1 0 1 1 
10 L17-33 0 2.5 1 1 0 0 1 1 0 1 
11 L17-19 0 2.75 0 0 1 0 0 0 0 1 
12 L17-28 1 - 0 0 1 0 1 0 1 1 
13 L17-11 1 - 0 1 0 1 1 0 1 0 
14 L17-8A 1 - - - - - 1 0 1 1 
15 L17-29 1 - - - - - 1 1 1 1 
16 L17-24 0 3 - - - - 1 0 1 1 
17 L17-12 1 - - - - - 1 1 1 1 
18 L17-5 0 3.5 0 0 1 0 1 1 1 1 
19 L17-36 1 - - - - - 0 1 1 0 
20 L17-10 1 - - - - - 0 1 0 0 
21 L17-9A 0 2.33 1 1 0 0 0 1 0 1 
22 L17-18A 1 - - - - - 0 1 1 0 
23 L17-7A 1 - - - - - 1 0 1 1 
24 L17-1A 0 2.88 - - - - - - - - 
25 L17-17A 0 2.17 - - - - - - 1 1 
26 L17-22 1 - - - - - 0 0 0 1 
27 L17-6 1 - 0 0 1 0 0 1 1 0 
28 L17-32 1 - - - - - - - - - 
29 L17-3A 0 2 - - - - - - - - 
30 L17-14A 1 - - - - - - - - - 
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# F2 plant  

PRSV-P 
resistant 

Phenotype 
Symptom 

score ln ld sn vn pt pc sc vc 
31 L17-2A 1 - 0 0 1 0 1 1 1 1 
32 L17-34 1 - 0 0 1 0 1 1 1 1 
33 L17-3 0 4.38 0 0 1 0 1 1 0 1 
34 L17-18 1 - 0 0 1 0 0 1 1 1 
35 L17-27 0 2.63 - - - - 1 1 0 1 
36 L17-13A 1 1 - - - - 0 1 1 0 
37 L17-25 1 - 1 1 0 0 1 1 1 0 
38 L17-16A 0 1.5 1 1 0 0 - - - - 
39 L17-15A 1 - 1 0 1 0 1 1 1 1 
40 L17-23 0 3 1 1 0 0 - - - - 
41 L17-38 0 2.88 0 1 1 0 1 1 1 1 
42 L17-2 1 - 1 1 1 0 1 1 1 1 
43 L17-17 1 - 1 1 0 0 0 1 1 1 
44 L15-3 0 2.83 0 0 1 0 0 1 1 1 
45 L15-7 0 2.75 1 1 0 0 0 1 1 1 
46 L15-22 1 - - - - - 0 1 1 0 
47 L15-17 0 - 0 0 1 0 0 0 1 0 
48 L15-8 1 - 0 0 0 0 1 1 1 1 
49 L15-24 1 - - - - - 1 1 1 1 
50 L15-5 0 2 0 0 1 0 - - -   
51 L15-25 1 - 0 1 1 0 0 1 1 1 
52 L15-20 0 4.5 - - - - 0 1 1 0 
53 L15-2 1 - 1 1 0 0 1 0 1 1 
54 L15-1 1 - 0 0 1 0 1 1 0 1 
55 L15-14 1 - - - - - 0 0 1 1 
56 L15-26 1 - 0 0 1 0 0 1 1 1 
57 L15-23 1 - 1 1 0 1 1 1 1 1 
58 L15-6 1 - 0 1 1 0 0 1 1 1 
59 L15-29 1 - 0 1 1 0 1 0 1 0 
60 L15-11 1 - 1 1 0 0 0 1 1 1 
61 L15-12 0 3.25 - - - - - - - - 
62 L15-19 0 4.13 1 1 0 0 0 1 0 - 
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# F2 plant  

PRSV-P 
resistant 

Phenotype 
Symptom 

score ln ld sn vn pt pc sc vc 
63 L15-21 1 2.25 - - - - 0 0 1 1 
64 L15-16 1 - 0 0 1 0 1 1 1 1 
65 L12-16 0 3.67 0 0 1 0 0 1 1 0 
66 L12-17 1 - 1 1 0 0 0 1 1 1 
67 L12-18 1 - 0 0 1 0 0 1 0 0 
68 L12-8 1 - 0 0 1 0 0 1 1 1 
69 L12-6 1 - 1 0 0 0 1 1 1 1 
70 L12-19 1 - - - - - 1 1 1 1 
71 L12-12 1 - 1 1 0 0 1 1 1 1 
72 L12-4 1 - 1 1 0 0 1 1 1 1 
73 L12-9 1 - - - - - 0 0 1 1 
74 L12-29A 0 1.5 1 1 0 0 0 1 1 1 
75 L12-23 1 - - - - - - - - - 
76 L12-28 1 - 0 1 1 0 0 1 1 0 
77 L12-7 1 - - - - - 1 1 1 1 
78 L12-26A 1 - - - - - 0 0 1 1 
79 L12-25 1 - 0 0 1 0 - - - - 
80 L12-29 0 1.5 0 0 1 0 0 0 1 1 
81 L12-24 1 - 0 1 1 0 1 0 0 0 
82 L12-5 1 - 1 1 0 0 1 1 0 1 
83 L12-14 1 - - - - - 1 1 - 0 
84 L12-30 1 - 0 0 1 0 1 0 1 0 
85 L12-36 0 0.25 - - - - - - - - 
86 L12-35 1 - 1 1 0 1 1 0 1 1 
87 L12-28A 0 1.67 0 0 1 0 0 0 0 1 
88 L12-15 1 - 0 1 0 0 1 0 1 1 
89 L12-31 1 - 0 1 0 0 0 1 0 0 
90 L12-26 1 - 0 1 - 0 0 1 1 0 
91 L12-20 1 - - - - - 0 1 0 0 
92 L12-34 1 - 1 1 0 0 0 0 1 0 
93 L12-1 1 - - - - - 1 1 1 1 
94 L12-2 1 - 1 1 0 0 0 1 1 0 
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# F2 plant  

PRSV-P 
resistant 

Phenotype 
Symptom 

score ln ld sn vn pt pc sc vc 
95 L12-39 1 - 1 1 0 0 0 1 1 1 
96 L12-2B 1 - 0 0 1 0 0 1 1 0 
97 L12-33 1 - 1 0 1 0 1 1 1 0 
98 L12-25A 1 - 1 1 0 1 1 1 1 0 
99 L12-38 1 - - - - - 0 0 1 0 

100 L12-37 1 - 0 0 1 0 0 1 0 0 
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Table A2.2. Segregation statistics for 170 markers used for linkage analysis 
 

Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

OPA11-01 ** +  + 5.13 - 1:3 - OPB8-20 ** +  + 4.30 - 1:3 - 
OPA11-02   + + 0.49 1:3 - - OPB8-22   + + 0.03 1:3 - - 
OPA11-04  +  + 3.15 1:3 - - OPB8-23  +  + 3.37 1:3 - - 
OPA11-05 *,**  + + 5.35 - - - OPB8-24   + + 3.04 1:1 - - 
OPA11-08 *,** +  + 8.00 - - - OPB8-27 ** +  + 7.75 - - 1:3 
OPA11-09   + + 2.84 1:3 - - OPB8-28  +  + 5.34 1:3 - - 
OPA11-10  +  + 3.52 1:3 - - OPB8-29 **  + + 4.50 - 1:3 - 
OPA11-11   + + 0.97 1:3 - - OPB8-30 ** +  + 6.49 - 1:3 - 
OPA11-12  +  + 0.01 1:1 - - OPB8-31 ** +  + 4.10 - 1:3 - 
OPA11-15  +  + 0.82 1:3 - - OPB8-34 *,**  + + 13.93 - - - 
OPA11-16   + + 3.01 1:3 - - OPK4-03 *,** +  + 15.82 - - - 
OPA11-17  +  + 1.58 1:3 - - OPK4-08 ** +  + 4.30 - 1:3  
OPA11-18 ** +  + 6.03 - 1:3 - OPK4-09   + + 0.01 1:3 - - 
OPA11-19  +  + 3.84 1:3 - - OPK4-10   + + 1.27 1:3 - - 
OPA11-22 ** +  + 4.49 - 1:3 - OPK4-11 **  + + 7.01 - - 1:3 
OPA11-27  +  + 0.06 1:3 - - OPK4-12  +  + 3.74 1:3 - - 
OPA11-28 **  + + 7.01 - - 1:3 OPK4-14  +  + 0.28 1:3 - - 
OPA15-02 ** +  + 4.23 - 1:3 - OPK4-18  +  + 0.54 1:3 - - 
OPA15-03 **  + + 6.95 - - 1:3 OPK4-19   + + 0.04 1:3 - - 
OPA15-04   + + 0.15 1:3 - - OPK4-22 *,** +  + 10.89 - - - 
OPA15-06 ** +  + 3.86 - 1:3 - OPK4-23a  +  + 0.59 1:3 - - 
OPA15-08   + + 0.06 1:3 - - OPK4-23b   + + 0.50 1:3 - - 
OPA15-11  +  + 5.87 - 1:3 - OPK4-25  +  + 1.39 1:3 - - 
OPA15-12  +  + 0.01 1:3 - - OPK4-26  +  + 0.06 1:3 - - 
OPA15-13   + + 0.23 1:3 - - OPK4-27   + + 2.89 1:3 - - 
OPA15-15   + + 2.09 1:3 - - OPK4-28  +  + 0.30 1:3 - - 
OPA15-16  +  + 0.03 1:3 - - OPK4-29   + + 1.72 1:3 - - 
OPA15-18   + + 3.01 1:3 - - OPK4-30   + + 0.79 1:3 - - 
OPA15-5A *,** +  + 15.25 - - - OPK4-31   + + 2.00 1:3 - - 
OPA15-5B   + + 0.02 1:3 - - OPK4-31.5   + + 0.38 1:3 - - 
OPA15-PA10 ** +  + 6.03 - 1:3 - OPK4-35 **  + + 5.56 - 1:3 - 
OPA20-01   + + 0.09 1:3 - - OPK4-36   + + 1.39 1:3 - - 
OPA20-03   + + 0 1:3 - - OPK4-37   + + 1.39 1:3 - - 
OPA20-05  +  + 2.84 1:3 - - OPK4-38 *,**  + + 9.13 - - - 
OPA20-06   + + 1.45 1:3 - - OPK4-42a   + + 3.82 1:3 - - 
OPA20-08 **  + + 3.93 - 1:1 - OPK4-42b   + + 3.82 1:3 - - 
OPA20-12   + + 0.93 1:3 - - PaBB18-15  +  + 0.02 1:3 - - 
OPA20-13   + + 0.81 1:3 - - PaBB18-22A  +  + 2.72 1:3 - - 
OPA20-14  +  + 0.06 1:3 - - PaBB18-27  +  + 3.19 1:3 - - 
OPA20-15 **  + + 6.26 - 1:3 - PaBB18-28B  +  + 0.73 1:3 - - 
OPA20-16 *,**  + + 13.34 - - - PaBB18-28C  +  + 0.29 1:3 - - 
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Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

OPA20-17 *,**  + + 9.26 - - - PaBB18-29 ** +  + 6.77 - - 1:3 
OPA20-18  +  + 0 1:3 - - PaBB18-30 ** +  + 6.77 - - 1:3 
OPA20-22  +  + 0.06 1:3 - - PaI08-25 ** +  + 5.01 - 1:3 - 
OPB10-01  +  + 2.29 1:3 - - PaI08-27  +  + 0.73 1:3 - - 
OPB10-06   + + 0.7 1:3 - - PaI08-29  +  + 1.82 1:3 - - 
OPB10-11   + + 1.72 1:3 - - PaI08-32  +  + 3.01 1:3 - - 
OPB10-12  +  + 1.04 1:3 - - PaW03-03  +  + 1.65 1:3 - - 
OPB10-13   + + 0.13 1:3 - - PaW03-06  +  + 0.32 1:3 - - 
OPB10-15   + + 2.84 1:3 - - PaW03-11  +  + 2.84 1:3 - - 
OPB10-16   + + 3.9 1:3  - PaW03-18 *,** +  + 13.93 - - - 
OPB10-17   + + 2.09 1:3 - - PaW03-19 ** +  + 7.75 - - 1:3 
OPB1019  +  + 1.15 1:3 - - PaW03-20 *,** +  + 8 - - - 
OPB10-21 ** +  + 16.44 - - - PaW15-10  +  + 0.93 1:3 - - 
OPB10-23   + + 1.02 1:3 - - PaW15-12  +  + 0.06 1:3 - - 
OPB10-24  +  + 0.57 1:3 - - PaW15-15  +  + 0 1:3 - - 
OPB10-25 **  + + 4.1 - 1:3 - PaW15-18  +  + 0.17 1:3 - - 
OPB18-01   + + 1.26 1:3 - - PaW15-20 ** +  + 4.27 - 1:3 - 
OPB18-02 **  + + 4.08 - 1:3 - PaW15-44 *,** +  + 8 - - - 
OPB18-03  +  + 2.41 1:3 - - PbBB18-12,13   + + 1.38 1:3 - - 
OPB18-04   + + 1.08 1:3 - - PbBB18-14   + + 1.32 1:3 - - 
OPB18-06   + + 1.79 1:3 - - PbBB18-18,19   + + 1.45 1:3 - - 
OPB18-07   + + 0.03 1:3 - - PbI08-06   + + 0.48 1:3 - - 
OPB18-08   + + 0.01 1:1 - - PbI08-11   + + 2.29 1:3 - - 
OPB18-09 ** +  + 3.39 - 1:3 - PbI08-12 **  + + 4.75 - 1:3 - 
OPB18-10  +  + 0.03 1:3 - - PbI08-18 **  + + 5.57 - 1:3 - 
OPB18-12   + + 2.36 1:3 - - PbI08-24   + + 3.37 1:3 - - 
OPB18-13  +  + 0.63 1:3 - - PbI08-29,29A   + + 0.06 1:3 - - 
OPB18-14  +  + 1.23 1:3 - - PbI08-31   + + 2.42 1:3 - - 
OPB18-15  +  + 2.67 1:3 - - PbI08-31A **  + + 3.9 - 1:3 - 
OPB18-16   + + 0.13 1:3  - PbW15-05 *,**  + + 12.17 - - - 
OPB18-17   + + 0.13 1:3 - - PbW15-12   + + 0.004 1:3 - - 
OPB18-18   + + 3.33 1:3 - - PbW15-19   + + 1.29 1:3 - - 
OPB18-21  +  + 0.13 1:3 - - PbW15-21A   + + 2.09 1:3 - - 
OPB18-22   + + 0.14 1:3 - - PbW15-27   + + 0.03 1:3 - - 
OPB18-23  +  + 0.06 1:3 - - PbW15-28 *,**  + + 14.84 - - - 
OPB18-25  +  + 0.82 1:3 - - PbW15-31   + + 1.29 1:3 - - 
OPB18-26  +  + 1.94 1:3 - - PbW15-31A   + + 5.6 - 1:3 - 
OPB8-01   + + 1.97 1:3 - - PbW15-32   + + 2.4 1:3 - - 
OPB8-02.5   + + 1.26 1:3 - - PbW15-40   + + 0.03 1:3 - - 
OPB8-04  +  + 0.30 1:3 - - PbW15-44A   + + 1.15 1:3 - - 
OPB8-05 ** +  + 5.74 - 1:3 - PbW15-50,51   + + 1.59 1:3 - - 
OPB8-06.5 *  + + 11.33 - - - PbW15-55   + + 0.89 1:3 - - 
OPB8-07  +  + 1.04 1:3 - - PbW15-58,59   + + 0.09 1:3   
OPB8-07.5 *,** +  + 13.04 - - - PbWO3-10   + + 6.06 - 1:3 - 
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Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

Marker Key Pa 

Pb 

F1 χ2 p<0.05 
(3.84) 

p<0.01 
(6.64) 

p<0.005 
(7.88) 

OPB8-11   + + 3.44 1:3 - - PbWO3-11   + + 0.1 1:1 - - 
OPB8-12   + + 0.01 1:3 - - PbWO3-12   + + 4.05 - 1:3 - 
OPB8-13.5  +  + 0.01 1:3 - - PbWO3-25,26 *  + + 10.8 - - - 
OPB8-15  +  + 0.01 1:3 - -          

 

Table A2.2. Markers used for linkage analysis are presented. Mendelian segregation patterns for each marker are indicated at the appropriate critical value (p). 

Pa = parviflora, Pb = cundinamarcensis Key : markers which diverge from the expected ratios at all three levels of significance are indicated by *. Divergent 

markers which were included in the framework map are indicated by **.  
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Figure A2.1.  V. cundinamarcensis linkage group 1 
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Figure A2.2 V. cundinamarcensis linkage group 
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Figure A2.3. V. cundinamarcensis linkage group 3 
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Figure A2.4. V. cundinamarcensis linkage group 4 
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Figure A2.5. V. cundinamarcensis linkage group 5 
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Figure A2.6. V. cundinamarcensis linkage group 6 
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Figure A2.7. V. cundinamarcensis linkage group 7 
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Figure A2.8. V. cundinamarcensis linkage group 8 
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Figure A2.9. V. cundinamarcensis linkage group 9.0 
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Figure A2.10. V. cundinamarcensis linkage group 10.0 
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   Figure A2.11. Dollop phylogenetic tree 
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Figure A2.12.  Mix phylogenetic tree 
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Figure A2.13. Pars phylogenetic tree 
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Figure A2.14. Dolpenny phylogenetic tree 
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Figure A2.15.  Penny phylogenetic tree 
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Table A3.1. Candidate marker and PRSV-P resistant phenotype segregation in the mapping pedigree 

# F2 plant PRSV-P  PsiIk4 SnaBIa11 
RAF 

OPA11-5R 
RAF  

OPA11-6R 
RAF 

OPK4-1R 
RAF 

OPK4-2R 
RAF 

OPB8-1R 
RAF  

OPB8-2/3R 

1 L17-21A D H H D D D D D B* 

2 L17-19A D H H D D D D D B* 

3 L17-11A D H B D D D D D B* 

4 L17-21 D H H D D D D D B* 

5 L17-09 D B B D D D D D B* 

6 L17-20 D H H D D D D - B* 

7 L17-35 B A A B B B B B B* 

8 L17-16 D H H D D D D D B* 

9 L17-08 D H B D D B* B* B* B* 

10 L17-33 B A H* B B B B B B* 

11 L17-19 B A A B B B B B B* 

12 L17-28 D H B D D D D D B* 

13 L17-11 D H A* D D D D - B* 

14 L17-08A D H H D D D D D B* 

15 L17-29 D H B D D D D D B* 

16 L17-24 B A H* B B B B B B* 

17 L17-12 D B H D D D D D B* 

18 L17-05 B A B* B B B B B B* 

19 L17-36 D B H D D D D D B* 

20 L17-10 D B B D D D D D B* 

21 L17-09A B A H* B B B B B B* 

22 L17-18A D H H D D D D D B* 

23 L17-07A D H H D D D D D B* 

24 L17-01A B A H* B B B B B B* 

25 L17-17A B A B* B B B B B B* 

26 L17-22 D B H D D D D D B* 

27 L17-06 D H H D D D D D B* 

28 L17-32 D H B D D D D - B* 

29 L17-03A B A H* B B B B B B* 

30 L17-14A D H H D D D D D B* 
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# F2 plant PRSV-P  PsiIk4 SnaBIa11 
RAF 

OPA11-5R 
RAF  

OPA11-6R 
RAF 

OPK4-1R 
RAF 

OPK4-2R 
RAF 

OPB8-1R 
RAF  

OPB8-2/3R 

31 L17-02A D H - D D D - - B* 

32 L17-34 D H B D D D D D B* 

33 L17-03 B A B* B B D* D* B B* 

34 L17-18 D B B D D B* B* D B* 

35 L17-27 B A H* B D* B B B B* 

36 L17-13A B A B* B B B B B B* 

37 L17-25 D H A* D D D D D B* 

38 L17-16A B A H* B B B B D* B* 

39 L17-15A D H H D D D D D B* 

40 L17-23 B A H* B D* B B B B* 

41 L17-38 B A B* B B B B B B* 

42 L17-02 D H H D D D D D B* 

43 L17-17 D H H D D D D D B* 

44 L15-03 B A H* B B B B D* B* 

45 L15-07 B A A B B B B B B* 

46 L15-22 D B B D D D D D B* 

47 L15-17 B A H* B B B B D* B* 

48 L15-08 D H A* D D D D D B* 

49 L15-24 D H H D D D D D B* 

50 L15-05 B A A B B B B B B* 

51 L15-25 D H H D D D D D B* 

52 L15-20 B A H* B B B B D* B* 

53 L15-02 D H A* D D D D D B* 

54 L15-01 D H A* D D D D D B* 

55 L15-14 D H H D D D D D B* 

56 L15-26 D H H D D D D D B* 

57 L15-23 D H B D D D D D B* 

58 L15-06 D H H D D D D D B* 

59 L15-29 D H B D D D D D B* 

60 L15-11 D H B D D D D D B* 

61 L15-12 B A A B B B B B B* 

62 L15-19 B A A B B B B B B* 
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# F2 plant PRSV-P  PsiIk4 SnaBIa11 
RAF 

OPA11-5R 
RAF  

OPA11-6R 
RAF 

OPK4-1R 
RAF 

OPK4-2R 
RAF 

OPB8-1R 
RAF  

OPB8-2/3R 

63 L15-21 B A B* B B B B B B* 

64 L15-16 D B A* D D D D D B* 

65 L12-16 B A B* B B B B B B* 

66 L12-17 D H H D D D D D B* 

67 L12-18 D H B D D D D D B* 

68 L12-08 D H B D D D D D B* 

69 L12-06 D H H D D D D D B* 

70 L12-19 D H H D D D D D B* 

71 L12-12 D H H D D D D D B* 

72 L12-04 D B H D D D D D B* 

73 L12-09 D H H D D D D D B* 

74 L12-29A B A B* B B B B B B* 

75 L12-23 D H H D D D D D B* 

76 L12-28 D H B D D D D D B* 

77 L12-07 D B H D D D D D B* 

78 L12-26A D H H D D D D D B* 

79 L12-25 D H H D D D D D B* 

80 L12-29 D H B D D D D D B* 

81 L12-24 D H H D D D B* D B* 

82 L12-05 D H B D D D D D B* 

83 L12-14 D H H D D D D D B* 

84 L12-30 D H - D D D D D B* 

85 L12-36 B H* H* B B D* B B B* 

86 L12-35 D H A* D D D D D B* 

87 L12-28A D A* H D D B* D - B* 

88 L12-15 D H H D D D B* D D 

89 L12-31 D B H D D D D D B* 

90 L12-26 D H B D D D D D B* 

91 L12-20 D B H D D D D D B* 

92 L12-34 D B H D D D D D B* 

93 L12-01 D H H D D D D D B* 

94 L12-02 D H A* D D D D D B* 
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95 L12-39 D H B D D D D D B* 

96 L12-02B D B - D D D D D B* 

97 L12-33 D H A* D D D D D B* 

98 L12-25A D - - - - - - - - 

99 L12-38 D - - - - - - - - 

100 L12-37 D - - - - - - - - 

Marker segregation is presented as D = presence and B =  absence for dominant candidate RAF markers and the PRSV-P 

resistant phenotype. Segregation of the codominant markers PsiIk4  and SnaBa11 is represented by three letter codes, A = 

homozygous null allele (V. parviflora genotype), B = homozygous marker allele (V. cundinamarcensis genotype)  and H = 

heterozygous (both alleles). Incidences where the marker genotype was in disagreement with the PRSV-P phenotype are 

marked *.   
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Figure A3.1.RAF marker allele sequences  

(10mer primer binding sites are highlighted in bold) 

 

Marker allele Opk4_1r : V. cundinamarcensis (348bp) 

 

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATTTTC 59 

60  ATTTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGAT 118 

119 TGAGAAAATGATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAGATTGTTGAT 177 

178 GTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCATTTCCATGA 236  

237 TTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAGAAGAAGAAGC 295 

296 CACTGAGAGTCCAGAGAACCAGAGGGGAGAGAACTAGTTGGGGGTTTGGGCGG 348 

 

Marker allele Opa11_5r : V. cundinamarcensis (257bp) 

 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAAAGGG 59  

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118  

119 GAACGCAAGGAAAGGTGCTGTACCTACATGCATTTGCATTATATGTCTACAATACAAGA 177 

178 TTGGATTGTTGAATTTGCTTTTGTTATTTTCCATTTTGTCTTTTGGAGAAGATCTCATT 236 

237 TGAATTTTCCTACGGCGATT 257 

 

Figure A3.2. Sequences for Opk4_1r SCAR alleles for seven species 

 

V. Stipulata (allele 1) 

1   CGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAACATTTTCA 59 

60  TCTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGATT 118 

119 GAGAAAATGAAGGAGTAATATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAG 177 

178 ATTGTTGATGTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCA 236  

237 TTTCCATGATTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAGA 295 

296 AGAAGAAGAAGCCACTTATTGAAGGTGAAGGAGTCCAGAGAACCAGAGGGGAGAGAACT 354 

355 AGTTGGGGGTTTGGGCGG 371 

 

 

V. Stipulata (allele 2) 

1   CGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAACATTTTCA 59 
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60  TCTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGATT 118 

119 GAGAAAATGAAGGAGTAATATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAG 177 

178 ATTGTTGATGTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCA 236 

237 TTTCCATGATTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAGA 295 

296 AGAAGAAGAAGAAGAAGAAGCCACTTATTGAAGGTGAAGGAGTCCAGAGAACCAGAGGG 354 

355 AGAGAACTAGTTGGGGGTTTGGGCGG 379 

 

V. cundinamarcensis (allele 2)  

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATTTTC 59 

60  ATTTAAAAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGAT 118 

119 TGAGAAAATGATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAGATTGTTGAT 177 

178 GTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCATTTCCATGA 236 

237 TTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAGAAGAAGAAGC 295 

296 CACTGATTGAAGGTGAAGGAGTCCAGAGAACCAGAGGGGAGAGAACTAGTTGGGGGTTT 354 

355 GGGCGG 360 

 

V. cundinamarcensis (allele 1)  

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATTTTC 59 

60  ATTTAAAAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGAT 118 

119 TGAGAAAATGATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAGATTGTTGAT 177 

178 GTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCATTTCCATGA 236  

237 TTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAGAAGAAGAAGC 295 

296 CACTGAGAGTCCAGAGAACCAGAGGGGAGAGAACTAGTTGGGGGTTTGGGCGG 348 

 

V. quercifolia  

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATGTTC 59 

60  ATCTAAGAATTTCAGCTCACAATGACCAGTCAATAACCTACGTACAATATAAACAAGAT 118 

119 TGAGAAAATGAAGGAGGATTATAAGAAAAATGTACCGTCAAGTTTAATTTTCTCGTTGA 177 

178 GATTGTTGATGTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGGTCCGCC 236 

237 ATTTCCATGATTTACGACGCTGGCTAGTGCTTTCGATTTCAGATAAGAAGAAGAAGAAG 295 

296 AAGAAGAAGCCACTGATTGAAGGTGAAGGAGTCCAGAGGATCAGAGGGCAGTGAACTAG 354 

355 TTGGGGGTTTGGGCGG 372 
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V. parviflora 

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAACATTTTC 59 

60  ATCTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATCATAAACAAGAT 118 

119 TGAGAAAATGAAGGAGTAATATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGA 177 

178 GATTGTTGATGTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCC 236 

237 ATTTCCATGATTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAGAAG 295 

296 AAGAAGAAGAAGAAGAAGCCACTGATTGAAGGTGAAGGAGTCCAGAGAGCCAGAGGGGA 354 

355 GAGAACTAGTTGGGGGTTTGGGCGG 379 

 

V. goudotiana 

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATTTTC 59 

60  ATTTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGAT 118 

119 TGAGAAAATGATAAGAAAAATGTCCCGTCAATTTTGATTTTCTCGTTGAGATTGTTGAT 177 

178 GTAGATAGTCATGTTACGAGGGATTTCGGGTTCGGGATTGGGCTCCGCCATTTCCATGA 236 

237 TTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAAAAGAAGAAGAAGC 295 

296 CACTGATTGAAGGTGAAGGATTCCACAGAACCAGATGGGAGAGAACTAGTTGGGGGTTT 354 

355 GGGCGG 361 

 

V. cauliflora 

1   CCGCCCAAACTGCGAGAACACAGCGTGCAGAGATTTCTTCAATTCTGGAAAATATTTTA 59 

60  ATTTAAGAATTTCAGCTCACAATGAACATTCAATAACCTACGTACATTATAAACAAGAT 118 

119 TGAGAAAATGATAAGAAAAATGTACCGTCAATTTTGATTTTCTCGTTGAGATTGTTGAT 177 

178 GTAGATAGTCATGTTACGGGGGATTTCAGGTTCGGGATTGGGCTCCGCCATTTCCATGA 236 

237 TTGACGACGCTGGCTAGTGCGTTCGATTTCAGAGAATAAGAAGAAAAAGTAGAAGAAGC 295 

296 CACTGATTGAAGGTGAAGGATTCCAGAGAACCAGATGGGAGAGAACTAGTTGGGGGTTT 354 

355 GGGCGG 361 

 

Figure A3.3. Sequences for Opa11_5r SCAR alleles for seven species 

 

V. cundinamarcensis 
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1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAAAGGG 59 

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTGTACCTACATGCATTTGCATTATATGTCTACAATACAAGA 177 

178 TTGGATTGTTGAATTTGCTTTTGTTATTTTCCATTTTGTCTTTTTGGAGAAGATCTCAT 236 

237 TTGAATTTTCCTACGGCGATT 257 

 

V. parviflora 

 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAGAGGG 59 

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTCTACGTACATGCATTTGCAATATATCTCTACAATACAAGA 177 

178 TTGTATTGTTGAATTTCCTTTCGTTATTTTCCATTTTGTCTTTTTGGAGAAGATCTCAT 236 

237 TTGAATTTTCCTACGGCGATT 257 

 

V. quercifolia 

 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAAAGGG 59 

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTGTACCTACATGCATTTGCAATATATGTCTACAATACAAGA 177 

178 TTGGATTGTTGAATTTCCTTTTGTTATTTTCCATTTTGTCTTTTTGGAGAAGATCTCAT 236 

237 TTGAATTTTCCTACGGCGATT 257 

 

V. stipulata 

 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAGAGGG 59 

60  TGGCTGCAGCCAAGCAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTGTACGTATGCATTTGCAATATATCTCTACAATACAAGATT 177 

178 GTATTGTTGAATTTCCTTTTGTTATTTTCCATTTTGTCTTTTTGGAGAAGATCTCATTT 236 

237 GAATTTTCCTACGGCGATT 255 

 

 

V. cauliflora 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAAAGAG 59 

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTGTACCTACGTGCATTTGCATTATATGTCTGCAATACAAGA 177 

178 TTGGATTGTTGAATTTGCTTTTGTTATTTTCCACTTTGTCTTTTTGGAGAAGATCTCAT 236 

237 TTGAATTTTCCTACGGCGATT 257 
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V. gouditiana 

1   AATCGCCGTAGAGGAGGAGGAGGAAGGGGAGGTAGGGTCCAGCCTGACCATGGAAAGGG 59 

60  TGGCTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCATATGAAGCATATCCAA 118 

119 GAACGCAAGGAAAGGTGCTGTACCTACATGCATTTGCATTATATGTCTACAATACAAGA 177 

178 TTGGATTGTTGAATTTGCTTTTGTTATTTTCCATTTTGTCTTTTTGGAGAAGATCTCAT 236 

237 TTGAATTTTCCTACGGCGATT 257 

 

C. papaya 

1   AATCGCCGTAGAGGAGGAGGAAGGGCAGGTAGGGTCTAGCCTGACCATGGAAAGGGTGG 59 

60  CTGCAGCCAAACAGTTCATCGAGAGCCACTACAAAGCTCACATGAAGCATATCCAAGAA 118 

119 CGCAAGGAAAGGTGCTGTATTTAGTACCTACATGCATATGCAATATATGTATGCAATAT 177 

178 AAGATTGGATTGTTGAATTTCCGTTTGTTATTTTCCATTTTGTCTTTTTGGACAAGATC 236 

237 TCATTTGAATTTTCCTACGGCGATT 261 
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Publications in peer reviewed journals 

 

Screening Vasconcellea cundinamarcensis X V. parviflora interspecific hybrids for resistance 

to  the Australian strain of Papaya ringspot virus-type P (PRSV-P) 

 

Dillon. S1, D. M. Persley2 and R.A Drew1  
1 School of Biological and Biomedical Science, Griffith University, Nathan, QLD, Australia 4111; 2 
Plant pathology division, Department of Primary Industries and Fisheries, Indooroopilly, QLD, 
Australia 4068. 
 
Abstract 

Several member of the genus Vasconcellea, relatives of Carica papaya L., exhibit resistance to the 

Papaya ringspot virus-type P (PRSV-P).  Interspecific hybrids of V. cundinamarcensis (PRSV-P 

resistant) and V. parviflora (PRSV-P susceptible) were screened for resistance to PRSV-P using 

ELISA, RT-PCR and by assessing symptom development. Analysis of 246 manually inoculated F2 

hybrids revealed approximately 75% of plants were completely resistant to PRSV-P, reflecting a 1:3 

ratio for susceptible to resistant phenotypes. A continuum of response to PRSV-P, fitting a normal 

distribution, was observed among susceptible individuals. In all cases hybrid symptom onset was 

delayed compared to C. papaya. Double antibody sandwich (DAS) ELISA revealed low virus titres 

in infected hybrids, and in 60% of cases ELISA absorbances for infected hybrids fell below the 

susceptibility threshold (A405 < 0.059). RT-PCR was alternatively applied to confirm the presence 

of  PRSV-P RNA in leaves of 96% of infected plants, and absence of the virus in healthy 

individuals. These results indicate that complete resistance to PRSV-P identified in V. 

cundinamarcensis is likely to be controlled by a single dominant gene, or a group of related genes at 

a single locus. Variation in response of susceptible plants points towards complementation of this 

resistance by additional QTL’s affording tolerance to susceptible individuals.  

 

Currently under review in Phytopathology 
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Genetic mapping of a PRSV-P resistance gene in “highland papaya” based on inheritance of 

RAF markers 

 

Dillon. S1, C. Ramage2, R. Drew1 and S Ashmore1 
1School of Biomolecular and Biomedical Sciences, Griffith University, Nathan, Queensland 4111, 
Australia. 2 Primary Industries Research Victoria, Department of Primary Industries, Plant 
Biotechnology Centre, La Trobe University, Bundoora, Victoria 3086, Australia. 
 

Abstract 

Papaya ringspot virus type P (PRSV-P) is a significant disease of Carica papaya. A major gene for 

PRSV-P resistance has been mapped in Vasconcellea cundinamarcensis, a distant relative of C. 

papaya. This was achieved by genetic mapping of the resistance phenotype and inherited, dominant, 

polymorphic randomly amplified DNA fingerprint (RAF) markers in an F2 intraspecific population 

of V. parviflora and V. cundinamarcensis. The parents of this cross confer resistance to several 

major diseases that affect C. papaya including PRSV-P in V. cundinamarcensis. Heredity of DNA 

markers and PRSV-P resistance was studied in the intrageneric population presented due to 

intergeneric fertility barriers between Carica and Vasconcellea. Genetic polymorphism between 

parents, based on RAF markers, was 75% with greater than 70% of markers generated showing 

mendelian segregation for the expected ratios 1:3 or 1:1 (p< 0.05). Preferential inheritance of 

markers from either parent was not detected in the F2, indicating stable transfer of the genetic 

material. Discrete V. parviflora and V. cundinamarcensis linkage maps were compiled from 79 and 

83 framework markers, delineating to 10 and 11 groups respectively. F1 and F2 progeny were 

screened for resistance to PRSV-P under controlled conditions. The resistant phenotype segregated 

3:1 in the F2 and mapped to V. cundinamarcensis linkage group 7 with adjacent RAF markers 

within 4cM. The framework maps of V. parviflora and V. cundinamarcensis presented cover 630.2 

and 745.4 cM respectively, accounting for between 47 – 52 and 49 – 55 percent of the predicted 

genome lengths. These maps provide a platform for further genetic study of disease resistance 

characteristics identified in these species and the development of DNA markers tightly linked to 

these traits, which could be applied to the breeding of resistant C.papaya cultivars. 

 

Accepted for publication in Euphytica – in press 
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Development of a CAPS marker linked to a PRSV-P resistance gene in “highland papaya”  
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University, Bundoora, Victoria 3086, Australia. 
 

Abstract 

The Papaya ringspot virus type P (PRSV-P) potyvirus is the most significant pathogen of Carica 

papaya limiting papaya production world wide. Resistance to the potyvirus has not been identified 

naturally in the C. papaya gene pool. The development of PRSV-P resistant papaya cultivars is 

widely considered the most effective approach towards PRSV-P management. Several wild 

relatives of the papaya, belonging to genus Vasconcellea, present a source of genes for PRSV-P 

resistance which could be applied for the development of resistant varieties. The objectives of this 

study were to develop PCR based markers linked to a monogenic PRSV-P resistance gene locus in 

V. cundinamarcensis (psrv-1) which could be applied for marker assisted selection.  A bulk 

segregant analysis approach was employed to identify randomly amplified DNA fingerprint (RAF) 

markers linked to prsv-1. Resistant and susceptible bulks, comprised of F2 progeny from V. 

parviflora (susceptible) x V. cundinamarcensis (resistant), revealed several markers with putative 

linkage to PRSV-P disease resistance. Five markers were mapped into a genetic linkage map of V. 

cundinamarcensis in coupling phase with the prsv-1 locus. RAF markers Opk4_1r, which mapped 

adjacent to the prsv-1 locus, and OPA11_5r which collocated with the prsv-1 locus,  were converted 

into codominant cleavage amplified polymorphic sequence (CAPS) marker (PsiIk4 and SnabIa11). 

Psilk4 was shown to correctly identify resistant genotypes with 99% efficiency when applied to F2 

progeny segregating for PRSV-p resistance, however SnabIa11 despite mapping in close proximity 

to the resistance gene did not  These results confirm the presence of a major gene controlling 

PRSV-P resistance in V. cundinamarcensis. The Psilk4 marker can be applied assist selection of 

PRSV-P resistant progeny in breeding programs designed involving indirect hybridisation of 

papaya and V. cundinamarcensis.  

 

To be submitted for review in Theoretical and Applied Genetics 
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Development of a Co-dominant SCAR Marker Linked to a Putative PRSV-P Resistance 

Locus in “Wild Papaya”  

 

S. Dillon1, C. Ramage2 and R.A Drew1  
1 School of Biological and Biomedical Science, Griffith University, Nathan, QLD, Australia 4111; 2 
Primary Industries Research Victoria, Department of Primary Industries, Biotechnology Centre, La 
Trobe University, Bundoora, Victoria 3086, Australia. 
 

Abstract 

Molecular genetic analysis of interspecific hybrids of V. cundinamarcensis and V. parviflora using 

Randomly Amplified DNA Fingerprinting (RAF) has permitted the construction of genetic maps of 

these species. The maps presented provided a framework for the development of marker systems for 

detection of valuable trait loci. Subsequently, several DNA markers linked to a PRSV-P resistance 

gene locus were identified and mapped in V. cundinamarcensis. One of these markers (OPK41R) 

resulted from a Single Nucleotide Polymorphism (SNP) in close proximity to the PRSV-P 

resistance gene locus. The Sequence Characterised Amplified Region (SCAR) was shown to be 

present in both parents, and 4 additional Vasconcellea species including V. cauliflora and V. 

quercifolia, but not in papaya. Sequence analysis revealed several polymorphisms, one resulting in 

the creation of a restriction site within the OPK4IR region, which was used to convert the SCAR 

into an easily detected co-dominant marker. This marker presents a simple yet useful tool that may 

be applied as a diagnostic test for selection of homozygous PRSV-P resistant hybrids of V. 

cundinamarcensis. With the development of this marker there is new potential to bridge 

hybridisation between Hybrids of V. cundinamarcensis and C. papaya via marker assisted selection.  

 
Presented as a poster at the Australian and New Zealand Society for Horticultural Science 

regional meeting Noosa, August 2004 – Acta Horticulture, in press 
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breeding of resistant C. papaya cultivars. 

 

Dillon1. S, Ramage2. C, O’Brien1. C.M and  Drew1. R.A.  
1School of Biomolecular and Biomedical Science, Faculty of Science, Griffith University, Nathan Q 
4111, Australia. 2Primary Industries Research Victoria, Plant Biotechnology Centre, La Trobe 
University, Bundoora, V  3086 
 

Abstract 

Papaya ringspot virus type P (PRSV-P) is a serious disease of Carica papaya.  Several wild 

relatives of the papaya, belonging to the genus Vasconcellea, exhibit complete resistance to PRSV-

P, namely V. cundinamarcensis, V. cauliflora and V. quercifolia. Molecular genetic analysis of 

interspecific hybrids of V. cundinamarcensis and V. parviflora using Randomly Amplified DNA 

Fingerprinting (RAF) permitted the construction of genetic maps of these species. Identification and 

mapping of several DNA markers linked to a PRSV-P resistance gene locus in V. cundinamarcensis 

was possible, two of which (OPK41R and OPA115R), resulted from a Single Nucleotide 

Polymorphism (SNP), in close proximity to the PRSV-P resistance gene locus. The Sequence 

Characterised Amplified Regions (SCARs), were shown to be present in both parents, and produced 

codominant markers, which were applied as reliable diagnostic markers for resistant and susceptible 

genotypes. The OPK41R SCAR was identified in 4 additional Vasconcellea species made available, 

including V. cauliflora and V. quercifolia, but not in C. papaya. The indel identified may be useful 

for the selection of PRSV-P resistant individuals in breeding programs with Vasconcellea and C. 

papaya to assist introgression of putative resistance genes. The markers were subsequently applied 

to an intergeneric hybrid population from C. papaya and V. quercifolia. Genetic characterisation of 

the hybrid population using RAF markers confirmed hybridity of the F1 and reduced V. quercifolia 

DNA content of back cross generations. The OPK41R and OPA115R SCARs were tested in the 

quercifolia hybrids, and did not identify linkage to PRSV-P resistance. From the results it can be 

inferred that Vasconcellea may contain multiple sources of resistance to PRSV-P. Overall these 

studies indicate that there is significant potential for the continued application of DNA markers in 

molecular breeding for PRSV-P resistant papaya genotypes. 

 

Given as an oral presentation at the 5th International Symposium on In vitro culture and 

Horticultural Breeding, Debrecen, Hungary, September 2004 – Acta Horticulture, in press 
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Genetic mapping and development of a CAPS marker for PRSV-P resistance in a wild 

relative of Carica papaya L. 
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Abstract 

Papaya ringspot virus type P (PRSV-P) potyvirus is the most significant disease of Carica papaya 

world wide.  Several wild relatives of the papaya, originating from Ecuador and Chile, confer 

resistance to PRSV-P and thus represent an important resource for the improvement of C. papaya. 

A single dominant gene for PRSV-P resistance has been mapped in Vasconcellea 

cundinamarcensis, and a CAPS (cleavage amplified polymorphic sequence) marker closely linked 

to this gene has been developed. This was achieved by classical and genetic mapping of disease 

resistance heredity with dominant, polymorphic randomly amplified DNA fingerprint (RAF) 

markers in an F2 intraspecific population of V. parviflora (PRSV-P susceptible) and V. 

cundinamarcensis (PRSV-P resistant) segregating for the resistant phenotype. Using a bulked 

segregant analysis strategy, several RAF markers were identified as being linked to the resistant 

phenotype. One of these markers (OPA115R) collocated with the resistance gene on the V. 

cundinamarcensis linkage map, and a second (OPK41R) mapped within with 6.3cm. Both markers 

were converted to SCAR (sequence characterised amplified region) markers which could be 

amplified by PCR in both parents and 4 additional Vasconcellea species. The OPA115R fragment 

was also amplified in C. papaya. This marker Is presently being applied in an attempt to isolate the 

resistance gene sequence. The OPK4IR SCAR was subsequently convert into a codominant CAPS 

marker by digestion with restriction endonuclease Psi I. Application of this marker in the 

intraspecific hybrid revealed resistant genotypes 99% of the time. The maps presented provide a 

platform genetic study of other disease resistances and agronomic qualities conferred by the parents 

of this cross. There is significant potential for the application of the markers generated to assist 

selection of resistant intergeneric hybrids of C. papaya containing PRSV-P resistance donated from 

V. cundinamarcensis.  

 

To be given as an oral presentation at the First International Symposium on Papaya, Gentling 
Highlands, Malaysia, November 2005.  Selected papers will be published in Acta Horticulture 
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