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Rationale 

Papaya root rot caused by Phytophthora palmivora is a destructive disease threatening Hawaii’s 
papaya industry, resulting in crop damage, decreased production, and plant death. The surveillance 
of P. palmivora isolates from commercial papaya farms through the use of molecular techniques 
and evaluation of root rot resistance of commercially grown papaya cultivars will help estimate 
how much variation exists for potential use in breeding programs. This will help examine the 
geographic distribution of pathogen diversity, identify alternative cultivars with increased root rot 
resistance, and aid in developing new cultivars with increased resistance to P. palmivora. 
Extensive production loss and mortality of Carica papaya is associated with Phytophthora 
palmivora in Hawaii and other papaya growing regions of the world. Currently no commercial 
papaya cultivar is fully resistant to Phytophthora root rot. However, it is important to identify those 
that show partial resistance. Partial resistance is defined as reduced pathogen proliferation and 
spread in a plant, while tolerance is the ability of a plant to maintain yield in the presence of 
disease. Here we present a novel rapid papaya phenotyping assay with three quantification 
methods to assess P. palmivora resistance. Three papaya varieties of varying resistance (i.e., 
‘Waimanalo’, RS-1, and ‘SunUp’) were used to validate the assay, which confirmed that the 
‘Waimanalo’ cultivar exhibited increased resistance over RS-1, and the susceptible ‘SunUp’. 
Differential responses to P. palmivora infection were observed as early as three days post-
inoculation. This assay will help to shorten the breeding process by quickly and cheaply identifying 
potential sources of resistance genes in seedlings, thus expediting the selection process compared 
to current conventional phenotyping protocols. 
  



 

3 

Table of Contents 

Rationale ........................................................................................................................................ 2 

List of Tables ................................................................................................................................. 5 

List of Figures ................................................................................................................................ 6 

List of Abbreviations .................................................................................................................... 9 

List of Definitions .......................................................................................................................... 9 

Chapter 1: SURVEY OF HAWAII ISLAND PAPAYA FARMS TO IDENTIFY 
PREVALENT PHYTOPHTHORA SPECIES INFECTING PAPAYA HOSTS ................. 11 

1.1 Introduction .................................................................................................................. 11 

 History of Phytophthora palmivora and Papaya in Hawaii ........................................... 11 

1.2 Materials and Methods ................................................................................................ 12 

 Isolate Collection and Purification ................................................................................. 12 
 Sporangium Morphology and Measurements ................................................................ 13 
 Phytophthora palmivora Tissue Extraction, PCR, and Sequencing .............................. 13 
 DNA Extraction and Sequence Acquisition ................................................................... 14 
 GenBank Basic Local Alignment Search Tool (BLAST) Hit Table .............................. 14 
 Phylogenetic Analysis .................................................................................................... 14 

1.3 Results ........................................................................................................................... 14 

 Morphology .................................................................................................................... 15 
 Sporangium Measurements and Comparison between Locations .................................. 15 
 NCBI BLAST Hits ......................................................................................................... 15 
 Phylogenetic Analysis .................................................................................................... 15 

1.4 Discussion ...................................................................................................................... 16 

1.5 Caveats and Improvements ......................................................................................... 17 

Chapter 2: QUANTIFYING PHYTOPHTHORA PALMIVORA GROWTH ALONG 
PAPAYA SEEDLING STEMS AS AN ALTERNATIVE PHENOTYPING ASSAY TO 
DETERMINE PLANT PARTIAL DISEASE RESISTANCE ................................................ 28 

2.1 Introduction .................................................................................................................. 28 

2.2 Materials and Methods ................................................................................................ 29 

 Papaya Genotype Selection and Seedling Production .................................................... 29 
 Phytophthora palmivora Isolation and Culturing .......................................................... 29 
 Inoculum Preparation and Plant Inoculation .................................................................. 29 



 

4 

 P. palmivora Growth Quantification .............................................................................. 31 
 Image Analysis ............................................................................................................... 31 
 Disease Rating from Images .......................................................................................... 31 
 Daily Disease Ratings via Naked Eye Phenotyping ....................................................... 32 

2.3 Results ........................................................................................................................... 32 

 Phytophthora palmivora Area Growth Quantification .................................................. 32 
 Effects of Inoculum Concentrations ............................................................................... 33 

2.4 Discussion ...................................................................................................................... 33 

2.5 Caveats and Improvements ......................................................................................... 35 

Chapter 3: EVALUATION OF PARTIAL RESISTANCE OF 15 PAPAYA ACCESSIONS 
TO PHYTOPHTHORA PALMIVORA USING A NOVEL QUICK PHENOTYPING 
ASSAY ......................................................................................................................................... 42 

3.1 Introduction .................................................................................................................. 42 

3.2 Materials and Methods ................................................................................................ 43 

 Genotype Selection ........................................................................................................ 43 
 Seed Preparation and Planting........................................................................................ 43 
 Seedling Transplanting ................................................................................................... 44 
 Inoculum Preparation and Plant Inoculation .................................................................. 44 
 Seedling Microscopy ...................................................................................................... 45 
 Image Analysis ............................................................................................................... 45 
 Disease Rating from Images .......................................................................................... 46 
 Naked-Eye Observation of Phytophthora Growth ......................................................... 46 

3.3 Results ........................................................................................................................... 46 

 Phytophthora palmivora Growth Area Quantification .................................................. 46 
 Image Disease Rating ..................................................................................................... 47 
 Naked-Eye Daily Disease Ratings ................................................................................. 47 
 Comparison Between Two Rating Methods .................................................................. 47 

3.4 Discussion ...................................................................................................................... 48 

3.5 Caveats and Improvements ......................................................................................... 49 

Next Steps .................................................................................................................................... 56 

Appendix ...................................................................................................................................... 57 

Supplementary Figures and Tables ........................................................................................... 57 

References .................................................................................................................................... 72 



 

5 

List of Tables 

Table 1.1 PCR primers used for gene amplification of all isolates for phylogenetic analysis..... 25 

Table 1.2. Complete list of Phytophthora palmivora isolates used in the experiment. All isolates 
were collected from the east side of Hawaii Island. Cultivation locations: (Kap) represents the 
Kapoho region, (KgL) Kings Landing, (WRS) Waiakea Research Station, (KSB, KSI, KSP) 
represent different regions in the Keaau region respectively. Cultivar hosts: Rainbow (Rb), 
Kapoho Solo (KS), and Kapoho unknown cross (KC) indicate the papaya cultivars Phytophthora 
isolates were collected from.......................................................................................................... 26 

Table 2.1. Percentage of total disease rating count from microscopy images among Carica 
papaya genotypes. Disease ratings are based on images taken of papaya seedlings five days post-
inoculation in Phytophthora palmivora zoospore inoculum. For each disease rating, the total 
count of all ratings was determined, and each table row shows the percentage of the total counts 
per rating among papaya varieties. ............................................................................................... 41 

Table 3.1. Papaya accessions screened for P. palmivora partial resistance. ................................ 55 

Table S1.1. Comparison of P. palmivora sporangium averaged measurements across the major 
papaya cultivation areas. ............................................................................................................... 57 

Table S1.2. Percentage of NCBI BLAST hits for each organism returned within the entire 
sample population present in each papaya cultivation area for each genetic marker used for PCR.
....................................................................................................................................................... 58 

Table S3.1. Media recipe for papaya seedlings grown in vitro in culture tubes. ......................... 69 

Table S3.2. Reagents and quantities to make 10% V8 Juice Agar to grow P. palmivora. .......... 69 

  



 

6 

List of Figures 

Figure 1.1. P. palmivora isolate collection sites within East Hawaii Island commercial papaya 
cultivation areas. Orange circle = Kap (Kapoho), yellow = KSI (Keaau S. P.), Blue = (Keaau S. 
B), Gray = KgL (Kings Landing), and purple = KSI (Keaau S. I.). ............................................. 18 

Figure 1.2. Examples of P. palmivora infected papaya tissue from various collection sites. 
Locations (a), (b), (d) = KSI, and (c),(e),(f) = KSP. ..................................................................... 19 

Figure 1.3. Fourteen-day-old P. palmivora colonies grown on 10% V8 agar at ~25ºC under 
continuous lighting. Each colony represented a papaya cultivation area, and all showed a stellate 
growth pattern with aerial mycelium. Cultivation areas include (a) Kap, (b) KgL, (c) KSB, (d) 
KSI, (e) KSP, and (f) WRS. .......................................................................................................... 20 

Figure 1.4. Variations of P. palmivora sporangia shape observed. (a) ovoid of location KSB 
from a ‘Kapoho’ solo papaya fruit, (b) turbinate with ovoid of location KSI from a ‘Rainbow’ 
papaya fruit, (c) elongate, limoniform, obovoid, and globose of location KSB from a ‘Kapoho’ 
solo papaya fruit. Sporangia were harvested from seven-day-old P. palmivora isolates grown at 
~25ºC under continuous lighting. ................................................................................................. 21 

Figure 1.5. Sporangium length: width morphology measurement comparison by papaya 
cultivation location. Sporangia were harvested from seven-day-old P. palmivora isolates grown 
at ~25ºC under continuous lighting. Letters indicate groupings of measurements indicating no 
difference among locations. Kapoho (Kap), King’s Landing (KgL), Keaau (KSB, KSI, KSP), and 
Waiakea (WRS) are the papaya growing regions represented. ..................................................... 22 

Figure 1.6. Neighbor-joining tree consisting of P. palmivora isolates representative of each 
papaya cultivation location and five genetic markers [(a) beta-tubulin (b) elongation factor (c) 
ITS1 (d) Cox1, (e) Cox2]. Terminal taxa are named by location, isolate number, papaya tissue 
type the isolate was recovered from, and papaya cultivar. ........................................................... 23 

Figure 1.7. Neighbor-joining unrooted tree inclusive of five concatenated genetic marker 
sequences displaying 12 intraspecific varieties. Terminal taxa are named by location, isolate 
number, tissue type isolate was recovered from, and papaya cultivar. Tree excludes isolate 
samples 13, 16, and 20 due to low PCR success rate. .................................................................. 24 

Figure 2.1. Comparison of mycelia growth area among the three papaya genotypes. The average 
pathogen area growth is listed above each boxplot with ‘Waimanalo’ (WAI) having the least 
amount of pathogen growth followed by Hawaii Island ‘Waimanalo’ (HIW), and ‘SunUp’ (SU).
....................................................................................................................................................... 36 



 

7 

Figure 2.2. Examples of disease rating of microscopy images displaying Phytophthora 
palmivora infected Carica papaya seedling stems. Control, seedlings mock inoculated with 
sterile distilled water showing no mycelium or biofilm growth. 1, disease rating 1 showing sparse 
mycelium strands. 2, disease rating 2 with minimal but increased Phytophthora growth along the 
length of the stem. 3, disease rating 3 displaying dense expanded mycelium mat and or attached 
biofilm aggregate along a portion of stem length. 4, disease rating 4 with dense expanded 
mycelium matte and/or biofilm in addition to growth throughout the entire or majority of the 
stem. Severe translucent stems despite reduced mycelium growth along the stem. ..................... 37 

Figure 2.3. Daily disease ratings of Carica papaya seedlings inoculated with Phytophthora 
palmivora using the naked eye. 0, disease rating 0 with no visible mycelium growth along the 
seedling stem. 1, disease rating 1 with minimal fine mycelium along the stem as highlighted in 
red box. 2, disease rating 2 displaying increased patches of mycelium growth along the seedling 
stem. 3, disease rating 3 displays longer dense mycelium growth and/or biofilm aggregate 
throughout the majority or the entirety of the seedling stem. ....................................................... 38 

Figure 2.4. Naked eye daily disease ratings over five days post-inoculation inclusive of all P. 
palmivora zoospore treatment concentrations. Lower frequencies of ratings indicate increased 
partial resistance. On days 3-5, ‘SunUp’ begins to decrease in the lower ratings (1-2) and 
conversely increases in higher ratings (3-4) compared to ‘Waimanalo’ and HIW. ...................... 39 

Figure 2.5. Phytophthora palmivora mycelium area growth inclusive of all papaya genotypes 
compared across five P. palmivora zoospore infested water inoculum concentration treatments. 
Sterile distilled water (SDW) served as a control and less Phytophthora growth was present on 
‘Waimanalo’ (WAI) seedlings regardless of inoculum concentration. ........................................ 40 

Figure 3.1. Guide demonstrating examples of image disease rating based on the presence, 
absence, density, and distribution of P. palmivora mycelium and biofilm along papaya seedling 
stems. 0, disease rating 0 displaying no growth. 1, disease rating 1 with minimal growth. 2, 
disease rating 2 exhibiting short mycelium growth. 3, disease rating 3 with increased mycelium 
lateral growth/density and increased growth along the length of the papaya stem. 4, disease rating 
4 displays increased mycelium density with obvious attached biofilm and increased lateral 
growth throughout the length of the seedling stem. The spherical object in the image is a 2mm 
bead used as a size reference. ....................................................................................................... 50 

Figure 3.2. Daily disease rating of Carica papaya seedlings inoculated with Phytophthora 
palmivora using the naked eye. 0, disease rating 0 with no visible mycelium growth along the 
seedling stem. 1, disease rating 1 with minimal fine mycelium along the stem as highlighted in 
red box. 2, disease rating 2 displaying increased patches of mycelium growth along the seedling 
stem. 3, disease rating 3 displaying longer dense mycelium growth/ biofilm aggregate throughout 



 

8 

the majority or the entirety of the seedling stem. 4, disease rating 4 showing increased mycelium 
growth/biofilm with thicker mats and density along the seedling stem. ....................................... 51 

Figure 3.3. Variation in disease response from image analysis of 15 high quality papaya 
accessions. Average Phytophthora growth area among papaya genotypes based on software 
image analysis quantification. From left to right shows genotypes that had the least (HCAR 310) 
to most (HCAR 320) pathogen area growth. ................................................................................ 52 

Figure 3.4. Comparison of disease rating (0–4) frequencies among 15 papaya genotypes based 
on the image disease rating method. Lower frequencies of disease rating 4 (magenta) indicate 
increased partial resistance. .......................................................................................................... 53 

Figure 3.5. Ratio disease rating frequencies inclusive of days 1–5 post inoculation among 15 
papaya genotypes based on the naked eye phenotyping of P. palmivora mycelium colonization 
and biofilm growth severity. Higher disease ratings indicate extensive pathogen growth 
compared to lower ratings. The ‘Rainbow’ genotype had five less samples (108) compared to the 
other genotypes. ............................................................................................................................ 54 

Figure S2.1. Carica papaya seedlings were transferred into culture tubes and inoculated with 
five Phytophthora palmivora zoospore solution concentrations. ................................................. 66 

Figure S2.2. Microscopy image analysis and quantification of Phytophthora palmivora 
mycelium and biofilm aggregate using APS Assess 2.0.; A, Expanded P. palmivora mycelium 
and attached biofilm growth from an infected Carica papaya seedling stem floating in water; B, 
Pathogen growth area highlighted by APS Assess 2.0 software. ................................................. 67 

Figure S2.3. Relationship and influence upon the abundance of disease ratings (0–4) and the 
increase of Phytophthora palmivora inoculum zoospore concentration inclusive of all genotypes. 
Higher disease ratings increased with inoculum concentration. Larger circles indicate increased 
observed ratings. ........................................................................................................................... 68 

Figure S3.1. C. Papaya stem color observation of 19-day-old seedlings. From left to right 
genotype accessions include HCAR 11, 17, 323, 164, 196, HIWxSU, 310, 314, 315, 320, 
‘SunUp’, ‘Rainbow’, WAIxSU, 27, and HIW. Stem colors ranged from green, dark purple with 
green, purple with shades of green, and green with shades of purple. ......................................... 70 

Figure S3.2. Distribution of disease rating counts among 15 papaya genotypes. ........................ 71 

  



 

9 

List of Abbreviations 

TSS total soluble solid 

SDW Sterile distilled water 

HCAR Hawaii, Caricaceae 

HIW Hawaii Island ‘Waimanalo’ selection 

List of Definitions 

Accession – Genetically unique plant sample from a specific geographic location that is 
maintained as part of a germplasm collection. 

Colonization – The establishment and ramification of a pathogen within a host plant. 

Disease incidence – The percentage of diseased plants or plant parts in a population or sample. 

Isolate – (n.) A culture or subpopulation of a microorganism separated from its parent population 
and maintained in some sort of controlled circumstance; (v.) to remove from soil or host material 
and grow in pure culture. 

Mycelium – (pl. mycelia, adj. mycelial) A mass of hyphae constituting the body (thallus) of a 
fungus or oomycete. 

Partial resistance – A resistance in which disease develops more slowly, or to a lesser extent, on 
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Chapter 1: SURVEY OF HAWAII ISLAND PAPAYA FARMS TO 
IDENTIFY PREVALENT PHYTOPHTHORA SPECIES 
INFECTING PAPAYA HOSTS 

1.1 Introduction 

History of Phytophthora palmivora and Papaya in Hawaii 

In tropical regions papaya (Carica papaya) is an important fruit crop for local consumption and 
export. Hawaii is the United States’ primary papaya producer on 650 acres totaling 9.54 million 
pounds valued at $6.48-million-dollars in 2023 (USDA, NASS 2023). The Puna District in the 
County of Hawaii contains over 70% of Hawaii’s papaya production (State of Hawaii 
Department of Agriculture, 2023). Phytophthora palmivora is a broad host range pathogen that 
can infect >168 host species (Erwin and Ribeiro 1996). P. palmivora has been and continues to 
be a major detriment to papaya production in Hawaii (Parris, 1942) and other papaya growing 
areas throughout the world (Hamill 1987; Silva et al. 1999; Liberato et al. 2006). Necrosis of the 
fruit, stem, and root are major factors for the economic losses for the farmers and papaya 
industry due to crop damage or plant death (Ko and Chan 1974, Nishijima 1998). 

Hawaii has a long history of papaya production challenged by the presence of P. palmivora and 
other Phytophthora species. The first Solo papaya was introduced into Hawaii in 1911 from 
Barbados and Jamaica (Yee et al. 1982). The first observations of disease symptoms on papayas 
caused by Phytophthora were in 1941 (Hine et al. 1965). Initially identified as Phytophthora 
parasitica Dastur, (Paris 1942), identification was later revised to P. palmivora (Tokunaga and 
Bartnicki-Garcia 1971). The taxonomy changes were based on the deciduous nature of sporangia 
shape, and their length-width ratio. Additional morphological features contributing to taxonomic 
change were pedicel and papilla characteristics. 

Currently, simple detection and identification methods to survey and identify Phytophthora 
species diversity are available by molecular techniques such as polymerase chain reaction (PCR) 
comparing several genetic markers. To assess taxonomy and phylogeny, genetic markers such as 
beta-tubulin (𝛽𝛽-tub) (Villa et al. 2006), elongation factor 1 alpha (EF-1-alpha) (Kroon et al. 
2004), cytochrome-c oxidase subunit one (Cox1) (Ginetti et al. 2014); (Robideau et al. 2011) and 
two (Cox2) (Martin and Tooley, 2003), and internal transcribed spacer region one (ITS1) (White 
et al. 1990) (Table 1.1) are widely used throughout the world to identify and differentiate fungal 
and oomycete pathogens and their relative species. 
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Being an isolated archipelago, approximately 90% of Hawaii’s food is imported (Kim et al. 
2015). High importation combined with climate change and intensification of agriculture 
(Anderson et al. 2004) increases the risk of emerging infectious diseases of plants via 
unintentional introductions of plant pathogens, Phytophthora mating types, and diseases. The 
resulting diseases may negatively impact the state's agricultural and horticultural industries and 
native ecosystems (Anderson et al. 2004; Bebber et al. 2014). 

Despite P. palmivora being the supposed most prevalent Phytophthora pathogen infecting 
papaya in Hawaii, the last survey of Phytophthora isolates causing papaya rot in Hawaii was ~49 
years ago conducted by Aragaki and Uchida (1978.) Other species found were Phytophthora 
capsici on Oahu and Maui and Phytophthora parasitica found on Molokai (Aragaki and Uchida 
1978). More recently, P. capsici was reported to infect papaya in Trinidad (Ali et al. 2017). 
Considering Hawaii is the main papaya-producing region of the United States, it is important to 
protect this niche market by surveying the diversity of Phytophthora within the papaya 
cultivation regions. This will proactively identify potential shifts in Phytophthora population 
dynamics. Therefore, the objective of this study was to collect and compare Phytophthora 
isolates from commercial papaya cultivation areas on Hawaii Island to identify if other 
Phytophthora species are infecting papaya hosts using modern molecular techniques. In addition, 
phylogenetic relationship among other Phytophthora isolates, papaya farm locations, papaya 
tissue, and cultivar type were also assessed. 

1.2 Materials and Methods 

Isolate Collection and Purification 

P. palmivora isolate collections began during the rainy winter months of December 2020 through 
April 2021 in areas throughout the Puna District in high-density commercial papaya farms. 
Seventeen isolates were collected from symptomatic ‘Rainbow’ and ‘Kapoho solo’ tree fruits, 
stems, and roots. Infected tissue samples were individually collected using one plastic bag per 
sample to prevent cross-contamination between trees and locations. Global Positioning System 
(GPS) coordinates were collected using Fulcrum (Minneapolis, MN) and Bad Elf GNSS 
Surveyor (Riverside Manufacturing, Fort Wayne IN) (Figure 1.1). The level of incidence and 
severity within farm locations and trees in which isolates were collected was noted for further 
potential experimental use (Figure 1.2). Culture purification from papaya samples was done by 
excising approximately 10 x 5 mm cubes inclusive of healthy-looking and infected tissue zones, 
which were soaked in 70% ethanol for surface sterilization then blot dried with Kimwipes 
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(Kimberly-Clark, Irving, Texas). One-to-two-millimeter slices were plated onto Petri dishes (60 
x 15 mm) (Fisher Scientific, Waltham, MA) containing selective water agar and incubated at 
room temperature (~25℃) for three days followed by single hyphal-tip extraction (Leslie and 
Summerell 2008; Onions et al. 1981) and plated onto 10% V8 Agar (Aragaki and Uchida 1978.) 
All collected isolates were maintained at the United States Department of Agriculture (USDA), 
Agricultural Research Service (ARS), Pacific Basin Agricultural Research Center (PBARC) 
plant pathology lab. 

Sporangium Morphology and Measurements 

A P. palmivora isolate representing each papaya cultivation area was grown in Petri dishes (60 x 
15 mm) containing 10% V8 agar following the same culturing methods previously described 
with continuous light provided by a T8, 15-watt, 18” fluorescent bulb for seven days. 
Microscope slide preparation was done by gently scraping surface mycelium tissue using a 
sterile needle, spreading it on the surface of a glass slide (VWR, Radnor, PA) containing 20 µl of 
sterile distilled water, and sealing with a glass cover slip (Corning, Corning, NY). Thirty 
sporangia from each Phytophthora isolate representative were used for data collection. 
Measurements and imaging were done using a Leica DM IL at 10x magnification paired with 
Flexacam C3. Calculations and statistical analysis were performed using Microsoft Excel 
(version 2024) and RStudio (version 2023.12.0). 

Phytophthora palmivora Tissue Extraction, PCR, and Sequencing 

Two methods of harvesting mycelial mass for DNA extraction were used in this study. Method 
1: P. palmivora tissue was collected from 7–14-day old colonies grown on 10% V8 agar in Petri 
dishes (100 mm x 15mm) by scraping the surface of three plates per isolate with a sterile 
FLOWQ Swab (Copan Diagnostics, Murrieta, CA). Between each sample, the inoculated swab 
tip was removed and placed into 2 mL polypropylene disruption tubes (OPS Diagnostics, 
Lebanon, NJ) containing five 2mm zirconium oxide beads (MP Biomedicals, Santa Ana, 
California, USA). Method 2: To increase the mass of P. palmivora for a replicate extraction, a 
5x5 mm agar plug from each isolate was extracted from the edge of 3–5-day old colonies and 
transferred to a clarified 10% V8 sterile broth and incubated in the dark at room temperature 
(25ºC) for 7–14 days (Yang and Hong 2018). The mycelial mass was poured onto a Buchner 
funnel, rinsed with 95% ethanol, (Kadooka and Ko, 1973), dried via vacuum filtration, and then 
transferred into a 2 mL disruption tube with homogenization beads. 
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DNA Extraction and Sequence Acquisition 

DNA from 21 isolates was extracted using the NucleoSpin Plant II kit (Machery-Nagel 
Bethlehem, PA), followed by PCR utilizing five primers targeting nuclear or mitochondrial DNA 
and PCR conditions used in the references listed (Table 1.1). A 10 µL aliquot of PCR product 
was used for target confirmation via gel electrophoresis. The remaining PCR product was 
cleaned using ExoSAP-IT PCR Product Cleanup (Thermo Fisher Scientific, Austin Tx) and 
processed by SimpleSeq for Sanger sequencing (Eurofins MWG Operon Inc, Louisville, KY). 

GenBank Basic Local Alignment Search Tool (BLAST) Hit Table 

All sequences relative to each gene locus were processed using Geneious Prime 2020 (Kearse et 
al. 2012). Raw sequences were trimmed using the Trim Ends plugin with an error probability 
rate of 0.05. Contigs were formed using De Novo Assembly using the default parameters. The 
consensus nucleotide sequence for each isolate and genetic marker was used to do a Megablast 
search in NCBI through Geneious returning a hit table containing the top 100 organisms 
matching with high similarity in nucleotide sequence. Isolates from the same collection site were 
grouped together. Counts of each organism taxon hit based on the degree of sequence similarity 
within each cultivation region and among each genetic marker were tallied to determine the 
percentage of hits of each organism retrieved. 

Phylogenetic Analysis 

Sequences used for phylogenetic analysis were processed as previously mentioned and further 
trimmed to create sequences of equal length. The MAFFT (Katoh and Standley, 2013) plugin 
was used to align each genetic region and the Geneious Tree Builder plugin was applied to create 
unrooted neighbor-joining phylogenetic trees based on the Tamura Nei genetic distance model 
with a bootstrap value of 1000 replicates. In addition, all available genetic regions were 
concatenated for each isolate to create an unrooted neighbor-joining tree (Saitou and Nei 1987) 
using the same parameters as previously mentioned. Isolates containing low PCR success rates 
and poor sequence quality were not included in the analysis for some genetic markers. 

1.3 Results 

A total of 21 isolates, including four previously collected isolates from the Waiakea Research 
Station–Hawaii Island were used for the experiment (Table 1.2). Collection sites took place in 
East Hawaii, primarily within the Puna District, where most of the US’s papayas are grown. 
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Morphology 

Growth pattern and Sporangia shape 

All papaya cultivation area representative isolates grown on 10% V8 agar Petri dishes (100 x 15 
mm) displayed the same stellate growth pattern (Figure 1.3). Sporangia among all isolates were 
primarily ovoid with some, obpyriform, limoniform, elongate, obovoid, globose, and a single 
turbinate sporangium from isolate sample seven of the KSI location. All pedicels were short, 
measuring 10µM or less in length. A mixture of papillate, semi papillate and non-papillate 
sporangia were observed (Figure 1.4). 

Sporangium Measurements and Comparison between Locations 

The average sporangium length among locations ranged from 45.33–53.00 µm. Width 
measurements ranged from 29.67–31.67 µm. The length-to-width ratio ranged from 1.54–1.75 
(Table S1.1). A Kruskal-Wallis analysis with a Bonferroni correction was performed and 
determined no significant difference in sporangium measurements among location, cultivar (p = 
0.91), or tissue type (p = 0.12) (Figure 1.5). 

NCBI BLAST Hits 

Phytophthora palmivora was the species with the highest percentage of NCBI BLAST hits 
among all 21 isolates inclusive of all five genetic markers and six locations (Table S1.2). Within 
the P. palmivora taxon, across all genetic markers and locations, there was a 48–98.5% hit 
percent range. Primers ITS1, Cox1, and Beta-tubulin had the highest percentage of hits. ITS1, 
EF-1-alpha, and Cox2 provided higher PCR success rates and quality sequences. 

Phylogenetic Analysis 

Soft polytomies were present in all unrooted neighbor-joining trees. Comparing genetic markers 
overall, there was no distinct grouping pattern of isolates among cultivation locations, tissue 
type, or papaya cultivar (Figure 1.6). Despite all isolates being molecularly identified as P. 
palmivora, there were slight intraspecific genetic variation differences detected among genetic 
markers. The beta-tubulin gene contained six variations among isolates, while both elongation 
factor and ITS1 were able to differentiate three. Both Cox1 and Cox2 markers had more 
nucleotide diversity within their regions, resulting in 10 different variants in Cox1 and eight 
variants in Cox2 with two soft polytomies. Collectively, the neighbor-joining tree of the 
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concatenated sequences displayed 12 variants consisting of seven isolates forming a polytomy, 
four paired branches, and a single branch with a group of three isolates (Figure 1.7). 

1.4 Discussion 

Papaya rot is one of the most important diseases affecting papaya cultivation regions in Hawaii 
Island, dating back to the 1900’s affecting all tissues of the plant. Despite potential 
environmental changes and unintended plant and pathogen introductions into Hawaii over the 
years, based on colony and sporangium morphology, and BLAST results of nuclear and 
mitochondrial genetic markers, P. palmivora is the primary oomycete pathogen affecting papaya 
cultivation regions in Hawaii Island. The stellate striated colony growth pattern is persistent as 
described by Brasier and Griffin (1979), Widmer (2014), Das et al. (2016), Solpot and Cumagun 
(2022). The average length to width ratio of P. palmivora sporangium was near 1.53 as reported 
in Tokunaga and Barnicki-Garcia (1971) and Rodríguez-Polanco et al. (2020). However, 
phylogenetic results of this study indicate there are ~12 intraspecific variants across the main 
papaya cultivation areas. Whether this affects disease incidence, and severity remains to be 
determined. 

The lack of clear separation among isolates from different geographic regions, tissue, and papaya 
cultivar type based on the genetic markers used in this study is similar to the results of Barboza 
et al. (2020), Solpot and Cumagun, (2022), and Maizatul-Suriza et al. (2019) using P. palmivora 
isolates collected from the same targeted host plant. Differences were detected between hosts 
such as P. palmivora causing flower rot on azalea and bud rot of palm; however, alternative 
hosts were not a part of this study. Differences within Phytophthora of the same species by 
location have been observed when comparing isolates from greater distances (i.e. among 
countries or continents) or using different genetic markers such as simple sequence repeats (Guo 
et al. 2021). Despite BLAST hits on other Phytophthora species and another genus 
(Peronaphythora litchii), the presence of other oomycetes is associated with the relatedness and 
divergence of the marker genes used within the Peronophythoraceae family instead of an 
association of the oomycete with the papaya variety, explant tissue, or geographic location in this 
study. Among all primers, ITS1 had the highest stringency during sequence alignment and P. 
palmivora BLAST hits followed by Cox1, Cox2, beta-tubulin, and with elongation factor 
showing the lowest frequency ranging from 48–50%. In addition, the stringency of each primer 
and the saturation of concerning sequences submitted to GenBank (Harris 2003) could also 
impact the hit frequencies. 

Isolate 20 of the WRS location was not included in the phylogenetic analysis for beta-tubulin and 
elongation factor due to low PCR success rate. Isolate 13 (KSI) was not included with Cox2. To 
include the most isolates and their representative locations, the sequences from the forward 
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primer of Cox1 was used for phylogenetic analysis. Low PCR success rate for Cox1 was also 
encountered in Yang and Hong (2018). Isolate 21 (WRS) was also not included for ITS1 
analysis. ITS1 was the lone ITS marker due to low success rate using ITS4 as a reverse primer. 

Papaya farmers on Hawaii Island consist of a collection of small-scale farmers who typically 
stagger between three-year growth cycles which may vary across different farm locations 
depending on land availability. This constant movement and rotation across locations could be a 
contributing factor of the low genetic P. palmivora diversity among farm locations. Sporangia, 
mycelium, or chlamydospores present in soil or wet surfaces could be transported between farm 
locations by vehicles, land clearing equipment, in addition to shoes and clothing or papaya 
harvesting apparatuses. In addition, insects and animals are also noted vectors of sporangia. 
Hunter and Buddenhagen, (1969) observed Drosophila spp. attend to sporulating mycelia mats 
on infected papaya fruit leading to sporangia being attached to fly hairs. In a single flight, 
Drosophila spp. was able to travel nearly 15 km in a single flight without the aid of wind (Leitch 
et al. 2020). Feral pigs in Hawaii can travel up to 1.2 km per day (Giffin 1978). Common 
behavior characteristics include grazing, uprooting plants and soil disturbance in search of food 
(Campbell & Long 2009; Murphy et al. 2014). Feral pigs in Hawaii are highly destructive in 
unfenced papaya farms and may also transport chlamydospores in infected soil between farms. 
Land with good drainage, continuous farm maintenance with fungicide sprays and fertilizer 
applications are key contributing factors in minimizing the impact of P. palmivora in papaya 
farms. Early, accurate detection is needed for successful management. Other important papaya 
cultivation areas not included in this study were Nanawale and Ophikao due to the inability to 
find infected trees potentially due to good farming practices and the lack of ponding water due to 
the well-drained ʻaʻa lava soils in those areas. 

1.5 Caveats and Improvements 

This study could be improved by using long read sequencing similar to the study of Rodríguez-
Polancol et al. (2020) which could differentiate within species among different farm locations, 
cultivar tissue, or genotype. In addition, despite Hawaii Island being the largest papaya producer, 
other Hawaiian Islands contain farms as well with different soil type and environmental 
conditions. The inclusion of Phytophthora isolates from other islands may contribute to detection 
of different oomycete genus and species. Due to the magnification limitations of the Leica 
camera used, pedicels and other Phytophthora tissues could not be measured to provide 
additional morphology details. 
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Figure 1.1. P. palmivora isolate collection sites within East Hawaii Island commercial papaya 
cultivation areas. Orange circle = Kap (Kapoho), yellow = KSI (Keaau S. P.), Blue = (Keaau S. 
B), Gray = KgL (Kings Landing), and purple = KSI (Keaau S. I.). 
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Figure 1.2. Examples of P. palmivora infected papaya tissue from various collection sites. 
Locations (a), (b), (d) = KSI, and (c),(e),(f) = KSP. 
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Figure 1.3. Fourteen-day-old P. palmivora colonies grown on 10% V8 agar at ~25ºC under 
continuous lighting. Each colony represented a papaya cultivation area, and all showed a stellate 
growth pattern with aerial mycelium. Cultivation areas include (a) Kap, (b) KgL, (c) KSB, (d) 
KSI, (e) KSP, and (f) WRS. 
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Figure 1.4. Variations of P. palmivora sporangia shape observed. (a) ovoid of location KSB from 
a ‘Kapoho’ solo papaya fruit, (b) turbinate with ovoid of location KSI from a ‘Rainbow’ papaya 
fruit, (c) elongate, limoniform, obovoid, and globose of location KSB from a ‘Kapoho’ solo 
papaya fruit. Sporangia were harvested from seven-day-old P. palmivora isolates grown at ~25ºC 
under continuous lighting. 
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Figure 1.5. Sporangium length: width morphology measurement comparison by papaya 
cultivation location. Sporangia were harvested from seven-day-old P. palmivora isolates grown 
at ~25ºC under continuous lighting. Letters indicate groupings of measurements indicating no 
difference among locations. Kapoho (Kap), King’s Landing (KgL), Keaau (KSB, KSI, KSP), and 
Waiakea (WRS) are the papaya growing regions represented. 
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Figure 1.6. Neighbor-joining tree consisting of P. palmivora isolates representative of each 
papaya cultivation location and five genetic markers [(a) beta-tubulin (b) elongation factor (c) 
ITS1 (d) Cox1, (e) Cox2]. Terminal taxa are named by location, isolate number, papaya tissue 
type the isolate was recovered from, and papaya cultivar. 

 
  



 

24 

Figure 1.7. Neighbor-joining unrooted tree inclusive of five concatenated genetic marker 
sequences displaying 12 intraspecific varieties. Terminal taxa are named by location, isolate 
number, tissue type isolate was recovered from, and papaya cultivar. Tree excludes isolate 
samples 13, 16, and 20 due to low PCR success rate. 
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Table 1.1 PCR primers used for gene amplification of all isolates for phylogenetic analysis. 

Genetic 
Marker 

Oligonucleotide Sequence 5ʹ-3ʹ References 

Beta-tubulin BT5 GTA TCA TGT GCA CGT ACT CGG Villa et al. (2006) 

 BT6 CAA GAA AGC CTT ACG ACG GA  

Cox1 OomCoxILevup TCA WCW MGAT GGC TTT TTT 
CAAC 

Ginetti et al. (2014) 

 Fm85mod RRHWACKTGACTDATR ATA 
CCAAA 

Robideau et al. (2011) 

Cox2 FM82 TTG GCA ATT AGG TTT TCA AGA 
TCC 

Martin and Tooley 
(2003) 

 FM78 ACA AAT TTC ACT ACA TTG TCC  

EF-1-alpha EF1AF TCA CGA TCG ACA TTG CCC TG Kroon et al. (2004) 

 EF1AR ACG GCT CGA GGA TGA CCA TG  

ITS regions ITS1 TCC GTA GGT GAA CCT GCG G White et al. (1990) 

 ITS4 TCC TCC GCT TAT TGA TAT GC Crawford et al. (1996) 
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Table 1.2. Complete list of Phytophthora palmivora isolates used in the experiment. All isolates 
were collected from the east side of Hawaii Island. Cultivation locations: (Kap) represents the 
Kapoho region, (KgL) Kings Landing, (WRS) Waiakea Research Station, (KSB, KSI, KSP) 
represent different regions in the Keaau region respectively. Cultivar hosts: Rainbow (Rb), 
Kapoho Solo (KS), and Kapoho unknown cross (KC) indicate the papaya cultivars Phytophthora 
isolates were collected from. 

Species Cultivation 
Location Latitude Longitude Tissue 

Sample 
Cultivar 

Host 

P. palmivora KSB 19.62951714 -155.0286988 Fruit Rb 

P. palmivora KSB 19.64508712 -155.010611 Fruit KS 

P. palmivora KSB 19.64531762 -155.010386 Stem KS 

P. palmivora KSB 19.64290235 -155.0106351 Fruit Rb 

P. palmivora KSI 19.63229198 -155.0669156 Fruit Rb 

P. palmivora KSI 19.63232356 -155.0668837 Stem Rb 

P. palmivora KSI 19.62956893 -155.068431 Fruit Rb 

P. palmivora KSI 19.63174283 -155.0611069 Fruit Rb 

P. palmivora Kap 19.51344819 -154.8540752 Fruit Rb 

P. palmivora KSP 19.62873556 -155.0415378 Fruit Rb 

P. palmivora KSP 19.63112799 -155.0405649 Fruit A Rb 

P. palmivora KSP 19.63112799 -155.0405649 Fruit B Rb 

P. palmivora Kap 19.51160705 -154.8550978 Fruit Rb 

P. palmivora KgL 19.67078672 -155.0265419 Fruit Rb 

P. palmivora KSP 19.62779923 -155.0396452 Root Rb 

P. palmivora KSP 19.63055262 -155.049044 Root Rb 

P. palmivora KSP 19.62699616 -155.039604 Root Rb 
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P. palmivora WRS N/A N/A Fruit Rb 

P. palmivora WRS N/A N/A Fruit KC 

P. palmivora WRS N/A N/A Fruit Rb 

P. palmivora WRS N/A N/A Fruit KC 
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Chapter 2: QUANTIFYING PHYTOPHTHORA PALMIVORA 
GROWTH ALONG PAPAYA SEEDLING STEMS AS AN 
ALTERNATIVE PHENOTYPING ASSAY TO DETERMINE 
PLANT PARTIAL DISEASE RESISTANCE 

2.1 Introduction 

Hawaii is the largest producer of papaya (Carica papaya) in the United States. The Hawaiian 
industry produces ~9.8 million pounds annually worth ~6.48-million USD (USDA/NASS, 2023). 
Among the Hawaiian Islands, the district of Puna on Hawaii Island accounts for over 70% of the 
state’s papaya production (USDA, NASS 2023). The distribution of farms within the Puna 
district changed after the 2018 Kilauea eruption that destroyed ~30–40% of Hawaii Islands’ 
papaya production (Brestovansky, 2018). This catastrophic event resulted in the movement of 
papaya farmers to new regions such as the Keaau region of upper Puna. This region has higher 
rainfall and areas with poor drainage due to denser, less porous, unbroken lava rock beneath the 
soil. These new growing regions provide excellent conditions for oomycete pathogens such as 
Phytophthora palmivora. 

Phytophthora palmivora is a major impediment to papaya production in Hawaii (Parris, 1942) 
and other papaya growing areas throughout the world (Hamill 1987; Silva et al. 1999; Liberato et 
al. 2006). Rotting of the fruit, stem, and root results in economic losses for the farmers and the 
papaya industry due to crop damage or plant death (Ko and Chan 1974, Nishijima 1998). 
Phytophthora mycelia are root-like structures that aid with nutrition (Thines and Kamoun, 2010) 
and biofilm formation is associated with communication, recruitment, and aggregations of 
zoospores (Theodorakopoulos et al., 2011). Both structures are measurable traits indicative of 
pathogen growth. The goal of this research was to develop a simple, fast, in vitro assay testing 
for the optimum zoospore concentration that would be able to demonstrate varying levels of P. 
palmivora partial resistance between papaya varieties. By quantifying P. palmivora growth on 
seedling stems of three papaya varieties at multiple inoculum concentrations, we can hope to 
infer partial resistance levels between them. 
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2.2 Materials and Methods 

Papaya Genotype Selection and Seedling Production 

Three papaya varieties, including the tolerant ‘Waimanalo’ (WAI), RS-1, and the susceptible 
‘SunUp’ (SU) were used in this study to represent a range in resistance levels against P. 
palmivora (Manshardt 2012; Jia et al. 2012; Nakasone et al. 1972 ). The RS-1 variety derives 
from a cross with ‘Waimanalo’ as a parent and was selected and recognized to have high 
tolerance to root rot based on field observations and donated to the Hilo repository by a papaya 
grower. From here on, RS-1 will be referred to as Hawaii Island ‘Waimanalo’ selection (HIW). 
All seedlings were initially grown in a greenhouse in six-inch round blow-molded community 
pots and transplanted individually into a 32-well blow molded trays filled with Sunshine Mix #1 
(Sun Gro Horticulture Canada Ltd.). Seedlings were irrigated twice a day for one minute under a 
sprinkler system during the first month and increased to two minutes as seedlings matured prior 
to inoculation. 

Phytophthora palmivora Isolation and Culturing 

The Phytophthora palmivora isolate used for inoculum was a part of assorted P. palmivora 
isolates collected from various papaya farms at different locations on Hawaii Island and 
introduced into the United States Department of Agriculture, Agricultural Research Service, 
Pacific Basin Agricultural Research Center, Tropical Plant Genetic Resource and Disease 
Research pathology lab collection. Collected from a mature ‘Rainbow’ papaya fruit from a farm 
in the Keaau region of Hawaii Island, the isolate used in the experiment displayed the most 
severe disease symptoms among all other isolates based on field observations during collection. 
To create the P. palmivora zoospore inoculum, the isolate was cultured twice on 10% V8 agar 
dishes to ensure culture vigor. The isolate used was stored and incubated at ~25℃ under 
continuous 15W fluorescent lighting on 10% V8 agar petri dishes (60 x 15 mm) (Fisher 
Scientific, Waltham, MA) for 5–10 days under continuous lighting to induce sporangium 
formation. Cultures were then transferred as 4.7 mm cubes onto larger 10% V8 Petri dishes (100 
mm x 15 mm) (Fisher Scientific, Waltham, MA) to increase the abundance of P. palmivora 
mycelium and sporangia and incubated as above for 10–14 days. 

Inoculum Preparation and Plant Inoculation 

On the day of inoculation, the 10 to 14-day old cultures were flooded with 10–15 mL of sterile 
distilled water for 30 minutes to activate the release of zoospores from sporangia. The zoospore 
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infested water was collected and pooled in a sterile beaker to serve as the stock suspension. To 
determine zoospore concentration of the stock inoculum, the suspension was stirred, and 1 mL 
was aliquoted into a 1.7 mL centrifuge tube (Costar, Salt Lake, UT). The zoospores were 
vortexed (Scientific Industries, Bohemia, NY) at setting 10 for one minute to immobilize the 
zoospores by dislodging the flagella. Ten microliters were added to a hemocytometer 
(Cambridge Instruments Inc., Buffalo, NY) and quantified using a compound microscope 
(Olympus Bh-2, Tokyo, Japan). The counts were repeated five times. A dilution series produced 
concentrations of 1x102, 1x103, 1x104., 1x105, and 1x106 zoospores per milliliter, which were 
used within three hours.   Sterile distilled water (SDW) was used as the negative control. Papaya 
seedling populations 7–8 weeks of age were used as host material and individual seedlings were 
selected based on similarities in plant height within genotype groups. Three experimental 
replications were blocked for a total of 468 seedlings. Specifically, ten seedlings for each 
genotype were inoculated with five different concentrations of zoospores and an additional two 
seedlings were treated with SDW for each experimental replication for a total of 156 seedlings 
per replication. 

On the day of inoculation, plants were gently removed from the growing media and roots were 
gently rinsed with tap water to remove any remaining media while minimizing damage to the 
plant roots. To ensure that plants from all genotypes were exposed to the same conditions, a third 
of the samples per genotype were rinsed and rotated with the next third of the following 
genotype. This ensured all genotypes were exposed to the same conditions after being removed 
from the growing media. After each rinse, seedlings were gently placed between two damp paper 
towels to maintain plant moisture. The plants were then transferred to sterile 50 mL glass culture 
tubes labeled with each seedling’s genotype and concentration of P. palmivora inoculum 
treatment. In each of the three experimental replications, a randomized complete block design 
was used to arrange 15 custom tube racks. Each rack held 10 tubed seedlings of the same 
genotype and contained two replicates of each P. palmivora zoospore infested water treatment 
that varied at five different concentrations (Figure S2.1). A separate rack was used to contain 
control seedlings treated with sterile distilled water. The total volume needed to inoculate each 
genotype for inoculum concentration was pooled in 1 L sterile flasks and swirled occasionally to 
keep zoospores in suspension and maintain concentration uniformity. Twenty milliliters of 
designated inoculum was added to each seedling tube using a pipet pump II (Sigma Aldrich, 
Merck KGaA, Darmstadt, Germany). During the seedling inoculation process, the roots and 
lower portions of the stems were flooded while avoiding inoculum contact with seedling leaves. 
The seedlings were placed at room temperature for five days prior to microscopy. 
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P. palmivora Growth Quantification 

Three phenotyping methods were used to quantify plant pathogen signs on its host such as P. 
palmivora mycelium growth on papaya seedling stems. The first consisted of analyzing 
microscopy images to phenotype P. palmivora growth using the Assess 2.0 Image Analysis 
Software for Plant Disease Quantification (Lamari 2002). The second method applied a disease 
rating scale using the same microscopy images used in the previous method. The final method 
was the daily disease rating scale based on mycelium growth observed along the seedling 
submerged stem between the highest plant root and the meniscus of the inoculum solution. 
Scoring was done with the naked eye through the glass tubes aided with a 500-lumen flashlight 
(Makita, La Mirada, CA). 

Image Analysis 

On day five post-inoculation, each seedling was processed individually. The seedlings were 
removed from their tubes and placed in a large deep Petri dish (150 x 15 mm) (VWR 
International, Radnor, PA) containing approximately 50 mL of water. This resulted in the 
seedlings being partially submerged, which enabled the P. palmivora mycelia and any additional 
accompanying biofilm growing on the exterior of the seedling stems to float and expand. Images 
were captured under a dissecting microscope (Leica KL300 LED with S7E Stereozoom, 
Heerbrugg, Switzerland) with bottom lighting for assessment later. Due to the microscope’s 
limited viewing capacity, approximately two centimeters of stem length was assessed starting 
from the highest root. A 2 mm zirconium oxide bead (MP Biomedicals, Santa Ana, California, 
USA) was also included, serving as a size reference within each image. Assess 2.0: Image 
Analysis Software for Plant Disease Quantification was used to analyze and quantify the images 
(Lamari 2008). The disease area quantified was outlined using a fine-tipped stylus and a 
Samsung Galaxy Tab S7 tablet. This defined the precise areas of interest within the image for 
quantification while eliminating glare, debris, and other uninfected stem sections that would 
contribute to inaccurate mycelia area measurements. The LAB color space (lightness, green to 
red, and blue to yellow) was modulated using the “Manual Panel”. Illumination settings for each 
image assessment had a “B” blue selected as the color plane with a fixed LAB high setting of 
255. In contrast, the low LAB setting was adjustable, allowing for the flexibility of pixel density 
needed to properly highlight semi-transparent areas such as biofilms and fine mycelium strands 
(Figure S2.2). The unit of measurement in Assess 2.0 was in pixels. 

Disease Rating from Images 

Microscopy images were also given a disease rating ranging from 0–4, with zero corresponding 
to no Phytophthora growth along the stem and ratings greater than zero corresponding to 
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increasing amounts of mycelia and attached biofilm area (Figure 2.2). In addition, seedlings 
showing severe translucence despite minimal mycelium growth protruding through the stem 
were also rated as four. A chi-squared test was used to process the disease severity ratings 
between genotypes and inoculum concentrations. 

Daily Disease Ratings via Naked Eye Phenotyping 

Daily disease ratings were conducted to capture the growth of the pathogen area over time. 
Observations involved shining light through the glass tubes to aid the naked eye in observing 
mycelium and biofilm presence and growth along the seedling stems. Disease daily ratings 
occurred for five consecutive days post-inoculation and given a rating of (0, 1, 2, or 3) with zero 
being no observed growth and higher ratings 1-3 indicating increased pathogen growth observing 
mycelium strand length, density, and growth vertically and laterally along seedling stems 
(Figure 2.3). The frequency of disease ratings was determined, and a chi-square test was applied 
to compare ratings among genotypes. In addition, the average daily rating was calculated and 
analyzed using a Kruskal-Wallace test followed by a Dunn’s test with a Bonferroni correction. 

2.3 Results 

Phytophthora palmivora Area Growth Quantification 

Among each papaya population, there was a wide range of Phytophthora palmivora mycelium 
and biofilm growth. Along the length of the seedling stem, no area favored pathogen growth as 
mycelium and biofilm density varied. Compared to SDW-treated seedlings, there was some 
purple pigmentation loss and translucence of stems. However, visually those did not appear to 
influence the abundance of pathogen growth. The cultivar ‘Waimanalo’ (160101.2 pixels) had 
the lowest average pathogen area growth, followed by Hawaii Island ‘Waimanalo’ (HIW) 
(333511.8 pixels) and ‘SunUp’ (409826.7 pixels) selections, demonstrating multiple levels of 
disease resistance Figure 2.1. ‘Waimanalo’ had 61% less pathogen growth compared to 
‘SunUp’, and 52% less than HIW, demonstrating increased resistance against the pathogen. 
Cultivar HIW had 19% less Phytophthora area growth compared to ‘SunUp’, indicating medium 
and low resistance, respectively. Using disease rating on microscopy images as an alternative 
method to quantify disease area growth found differences in growth based on genotype (chi-
square p<0.05). Table 2.1 demonstrates similar trends of resistance between genotypes, as 
previously mentioned. 'Waimanalo' had more abundant low-disease ratings ranging from 0–2 
and, conversely, had less abundant high-disease (3–4) ratings. This trend was also observed in 
HIW over ‘SunUp’, further demonstrating different resistance levels between genotypes. 
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The frequency of daily ratings from the naked eye phenotyping method also demonstrated 
differences between genotypes (chi-square - p<0.05), with day three post-inoculation being the 
onset of observable differences. Additionally, the average disease daily rating was calculated and 
a Dunn’s test following a Kruskal-Wallace test (p<0.05) with Bonferroni correction showed 
‘Waimanalo’ had a similar resistance to HIW. ‘SunUp’, on the other hand, was also grouped 
with HIW  but not ‘Waimanalo’ demonstrating various levels of resistance between varieties 
similar to other phenotyping methods in this study. The frequency of higher disease ratings 
increased over time regardless of genotype, although the rate was not the same between 
treatments (Figure 2.4). ‘Waimanalo’ showed the lowest average disease ratings followed by 
HIW and ‘SunUp’ with differences observed as early as day three post-inoculation.  

Effects of Inoculum Concentrations 

Each inoculum treatment consisted of 20 mL of zoospore suspension ranging from 
approximately 2000 to 2,000,000 P. palmivora zoospores per milliliter. Based on image disease 
ratings, the frequency of higher ratings increased with higher inoculum concentrations regardless 
of genotype (Figure S2.3). At day five post-inoculation, seedlings inoculated with 1x106 
zoospores per milliliter had more than double the amount of four ratings compared to 1x105 and 
three times more than 1x103 and 1x102 inoculum concentrations. 

Comparing Phytophthora growth area with zoospore concentration via Assess image analysis 
inclusive of all three papaya genotypes across all five concentrations of inoculum treatment, 
there was no difference between the 1x104, and 1x106 zoospore treatments. Inoculum 
concentrations 1x103,1x104 and 1x105 grouped together while concentrations 1x102 and 1x103 

also had similar pathogen growth areas. Overall, ‘Waimanalo’ had less pathogen growth 
regardless of inoculum concentration (Figure 2.5). 

2.4 Discussion 

Here, we developed a quicker novel assay to phenotype for host P. palmivora partial resistance 
among three papaya varieties. This was achieved by quantifying pathogen signs such as 
mycelium and biofilm growth on the host seedlings inferring the host’s ability to inhibit P. 
palmivora growth. Contrarily, multiple studies have employed P. palmivora root drench 
inoculations on papaya observing plant responses to the pathogen. Various disease symptoms 
and host traits were measured, such as lesions and necrosis on leaf and fruit tissues (Noorda-
Nguyen et al. 2010, Zhu et al. 2004) plant drooping (Zhu et al. 2004; 2007; Mosque-Vasques et 
al. 1981), root mass (Jia et al. 2012, Zhu et al. 2004; 2007), and host mortality (Zhu et al. 2004; 
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2007, Mosque-Vasques et al. 1981). Here, disease ratings were comparable and obtained more 
quickly by using 7–8 weeks-old papaya seedlings compared to 12-week-old plants (Jia et al. 
2012, Porter et al. 2009, Zhu 2004; 2007). The ability to test seedlings sooner reduces the 
chances of unintended pathogens contaminating host populations prior to phenotyping while 
reducing plant maintenance costs. Unintended fungal infections during the growing stage of the 
host can affect subsequent plant-pathogen interactions. Data collection for the plant to P. 
palmivora interaction was observed within three to five days (Jia et al. 2012) compared to 14 
days (Zhu et al. 2004, 2007), providing results in less time. 

We compared three phenotyping methods for P. palmivora area growth including (1) 
microscopy, (2) disease ratings of microscopy images, and (3) rating of pathogen mycelium 
growth along the seedling stem with the naked eye. Among the three phenotyping methods, 
Assess 2.0 image analysis measurement was most precise to quantify mycelium growth, biofilms 
or both. Mycelium growth on seedling roots, though visible, was not included in the 
quantification process due to the inability to differentiate them from root hair. Analyzing 
microscopy images and assigning disease ratings still retains the accuracy of quantifying samples 
to distinguish resistance comparisons between genotypes and is a much faster phenotyping 
process. Daily disease ratings by the naked eye allows for the observance of disease progress 
throughout five days post-inoculation. In some instances, at day one post-inoculation, 
‘Waimanalo’ had more abundant disease one ratings compared to the other less resistant 
genotypes however, as days progressed, mycelium growth along the seedlings remained minimal 
while growth on the other genotypes extensively grew faster displaying increased abundance in 
mycelium mass contributing towards higher disease ratings and daily averages. 

Among all phenotyping methods, ‘Waimanalo’ was the most resistant, similar to the 
observations of Manshardt (2012) and Mosque-Vasques et al. (1981). Considering the cultivar 
‘Kamiya’ is a selection of ‘Waimanalo’, this study complements the results of Jia et al. (2012), 
which demonstrated ‘Kamiya’ had increased resistance against Phytophthora palmivora 
compared to ‘SunUp’. The Hawaii Island ‘Waimanalo’ selection displayed moderate resistance 
in all phenotyping methods, with ‘SunUp’ having the least resistance, further supporting the 
results of Jia et al. (2012) and Manshardt (2012). This suggests that ‘Waimanalo’ is an ideal 
cultivar to be used as a parent to increase P. palmivora resistance. New cultivars with improved 
resistance would benefit farmers in areas with higher rainfall and/or poor drainage field 
conditions, such as the upper Puna regions where most papaya farms currently are located. This 
assay could be used to test other papaya cultivars for P. palmivora resistance or validate and 
supplement previous studies demonstrating ‘Subang’, ‘Saipan Red’, and ‘Cross Paris’ cultivars 
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(Vawdrey et al. 2008), as well as several cultivars within the ‘Solo’ (Santos and Luz 2011, 
Dianese et al. 2010) and ‘Formosa’ group (Dianese et al. 2010) having resistance to P. 
palmivora, providing ideal parental candidates for papaya breeding. The least variation in 
Phytophthora area growth was observed at a concentration of 1x106 zoospores per milliliter. 
However, it is important to note that this concentration was statistically grouped was also 
grouped with 1x104 treatment, which was also used in the studies of Jia et al. (2012), Porter et al. 
(2009), and Zhu et al (2004), suggesting the 1x104 is an ideal inoculum concentration. 

2.5 Caveats and Improvements 

The overarching goal is to identify genes associated with Phytophthora palmivora resistance. 
Using the naked eye method, the differences in mycelium growth between samples of similar or 
different cultivars could provide further insight into proteins and genes expressed in plants 
showing increased resistance to P. palmivora. In addition, genes from the pathogen could also be 
identified to determine what effector proteins or genes are being expressed enabling them to 
infect papaya hosts. This assay could also serve as an alternate phenotyping method on 
transformed plants with added or over-expressed pathogen-associated genes or in segregating 
populations. In addition, having the plants in tubes allows plant tissue to be harvested 
immediately for nucleic acid extractions providing the ability to capture genes expressed in all 
tissue locations of the plant in response to Phytophthora. 

During the process of seedlings being removed from their growing media on the same day of 
inoculation, it is possible that other genes could be expressed in response to stress from the 
cleaning process and from potential wounding and could be mistaken for P. palmivora defense 
genes. Perhaps modifying the protocol to allow an acclimatization period to allow the genes 
expressed in response to transplant-shock or wounding to subside would allow for a more 
improved plant-pathogen interaction for transcriptome research. 
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Figure 2.1. Comparison of mycelia growth area among the three papaya genotypes. The average 
pathogen area growth is listed above each boxplot with ‘Waimanalo’ (WAI) having the least 
amount of pathogen growth followed by Hawaii Island ‘Waimanalo’ (HIW), and ‘SunUp’ (SU). 
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Figure 2.2. Examples of disease rating of microscopy images displaying Phytophthora 
palmivora infected Carica papaya seedling stems. Control, seedlings mock inoculated with 
sterile distilled water showing no mycelium or biofilm growth. 1, disease rating 1 showing sparse 
mycelium strands. 2, disease rating 2 with minimal but increased Phytophthora growth along the 
length of the stem. 3, disease rating 3 displaying dense expanded mycelium mat and or attached 
biofilm aggregate along a portion of stem length. 4, disease rating 4 with dense expanded 
mycelium matte and/or biofilm in addition to growth throughout the entire or majority of the 
stem. Severe translucent stems despite reduced mycelium growth along the stem. 
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Figure 2.3. Daily disease ratings of Carica papaya seedlings inoculated with Phytophthora 
palmivora using the naked eye. 0, disease rating 0 with no visible mycelium growth along the 
seedling stem. 1, disease rating 1 with minimal fine mycelium along the stem as highlighted in 
red box. 2, disease rating 2 displaying increased patches of mycelium growth along the seedling 
stem. 3, disease rating 3 displays longer dense mycelium growth and/or biofilm aggregate 
throughout the majority or the entirety of the seedling stem. 
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Figure 2.4. Naked eye daily disease ratings over five days post-inoculation inclusive of all P. 
palmivora zoospore treatment concentrations. Lower frequencies of ratings indicate increased 
partial resistance. On days 3-5, ‘SunUp’ begins to decrease in the lower ratings (1-2) and 
conversely increases in higher ratings (3-4) compared to ‘Waimanalo’ and HIW. 
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Figure 2.5. Phytophthora palmivora mycelium area growth inclusive of all papaya genotypes 
compared across five P. palmivora zoospore infested water inoculum concentration treatments. 
Sterile distilled water (SDW) served as a control and less Phytophthora growth was present on 
‘Waimanalo’ (WAI) seedlings regardless of inoculum concentration. 
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Table 2.1. Percentage of total disease rating count from microscopy images among Carica 
papaya genotypes. Disease ratings are based on images taken of papaya seedlings five days post-
inoculation in Phytophthora palmivora zoospore inoculum. For each disease rating, the total 
count of all ratings was determined, and each table row shows the percentage of the total counts 
per rating among papaya varieties. 

Disease Rating ‘SunUp’ HI-‘Waimanalo’ ‘Waimanalo’ 

0 21% 21% 58% 

1 21% 42% 37% 

2 30% 31% 39% 

3 39% 33% 28% 

4 49% 31% 20% 
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Chapter 3: EVALUATION OF PARTIAL RESISTANCE OF 15 
PAPAYA ACCESSIONS TO PHYTOPHTHORA PALMIVORA 
USING A NOVEL QUICK PHENOTYPING ASSAY 

3.1 Introduction 

Phytophthora palmivora is a major impediment to papaya production in Hawaii and globally 
(Parris, 1942; Hamill 1987; Silva et al. 1999; Liberato et al. 2006). Root rot disease caused by 
Phytophthora results in economic losses in some cases 40-60% for the farmers and papaya 
industry due to crop damage or plant death (Nishijima 1998; Silva et al. 1999). Due to the 
importance of the disease, there have been many efforts to develop management to mitigate 
disease spread. The most important management practice is to ensure land has good drainage and 
is properly cleared of any potential disease sources. The most common practice to manage 
Phytophthora and fungal diseases is large scale use of fungicides, both systemic and contact 
(Cohen and Coffey 1986; Hunter and Buddenhagen 1969; Erwin and Ribeiro 1996; Vawdrey et 
al., 2004). This is particularly true in Hawaii where fungicide applications are standard practice 
among commercial farmers (Noorda-Nguyen et al. 2010). However, these chemical control 
methods lead to high labor costs, significant impacts on human health and cause environmental 
damage (Vawdrey et al., 2004). 

In addition to management, there is a goal of finding genetic tolerance/resistance to Phytophthora, 
however, no Carica papaya is fully resistant to P. palmivora (Jia et al. 2012; Sharma and Skidmore 
1988). Wild relatives (e.g. the genus Vasconcella) of C. papaya are sources of general and specific 
Phytophthora root rot resistance (d’Eeckenbrugge et al. 2013; Zentmyer and Mitchell, 1986; Drew 
et al.1997; Zhu and Jia 2014). Operationalizing this diversity has been done with interspecific 
populations (e.g. C. papaya and C. monoica hybrids) improving resistance to P. palmivora 
(Zentmyer and Mitchell, 1986). Traditional and molecular breeding has a history of improving 
resistance/tolerance to diseases while maintaining/improving commercially favored traits (e.g. 
Total soluble solids (TSS) of >11.5%) (Akamine and Goo,1971; Kader, 1997). However, genetic 
improvement strategies have been less popular than management due to breeding being a long 
process (7-30 years) requiring long term investment that the industry cannot often support. One 
way to help speed up the process is to limit the number of populations that need to be explored, 
but this requires extensive characterization of genetic resources. 

The USDA Caricaceae collection has been well characterized for fruit quality. Current methods 
of phenotyping for root disease are time consuming and difficult posing challenges to phenotype 
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several accessions simultaneously which has resulted into limited characterization of the United 
States Department of Agriculture (USDA), Agricultural Research Service (ARS), Tropical Plant 
Genetic Resources and Disease Research (TPGRDR) Unit, Hilo, HI germplasm Caricaceae 
collection for Phytophthora. Previous methods that were used to explore P. palmivora response 
were detached leaf and fruit assays (Noorda-Nguyen et al. 2010) and root drench inoculation 
(Dianese et al. 2010; Mosqueda-Vazquez et al. 1981, Jia et al. 2012; Porter et al. 2009) but these 
have provided limited value to breeders. This conspicuous knowledge gap makes selecting parents 
for plant breeding difficult. However, a recently developed assay provides a higher throughput 
way of characterizing disease response. The aim of this study was to utilize a novel in vitro whole-
plant assay quantifying P. palmivora mycelial growth. The assay evaluated 15 C. papaya 
genotypes that contain favorable commercial and consumer traits against P. palmivora. 

3.2 Materials and Methods 

Genotype Selection 

Fifteen papaya genotypes were tested against P. palmivora. Of them, ten genotypes were 
obtained from the USDA, ARS, TPGRDR, Hilo, HI Caricaceae papaya collection. The other 
five genotypes included were Hawaii Island ‘Waimanalo’ selection (HIW), ‘SunUp’ (SU) the 
transgenic version of ‘Sunrise’, hybrids ‘Waimanalo’ crossed with ‘SunUp’ (Wai x SU), HIW 
crossed with SU (HIW x SU) and ‘Rainbow’. Genotype selections were based on their average 
TSS being ⪆ 11. Accession HCAR 323 Dr. Zee’s Golden ‘Sunrise’ selection was the only 
exception, as it was included due to its blemish-free fruit characteristics. The experiment 
contained three check cultivars ‘Waimanalo’ (Tolerant) and ‘SunUp’ (susceptible), and 
‘Rainbow’ (commercial) (Table 3.1). ‘Rainbow’ was used as Hawaii’s industry check because it 
is a predominantly grown cultivar. 

Seed Preparation and Planting 

Preliminary germination rates of each papaya genotype were recorded. To minimize the decline 
in papaya seed germination rates, pooled seeds were aliquoted into multiple individual vacuum 
sealed foil bags to reduce moisture content fluctuation and stored at 4℃. Before planting, seeds 
were allowed to acclimate to room temperature and rehydrated for ~14 hours in water then 
decanted and triple rinsed. Seed surface sterilization was done by soaking the seeds in an Exspor 
sodium chlorite (Ecolab, Saint Paul, MN) disinfectant solution for 30 minutes then triple rinsed. 
To improve germination rates, all seeds were treated with a 30-minute soak in a 1:1 ratio of 1 M 
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KNO3 (Sigma-Aldrich, St. Louis, MO) and 2.5 mM GA3 (Sigma-Aldrich, St. Louis, MO). Seeds 
were planted in sterilized 10.16 cm square community pots (McConkey, Sumner, WA) filled 
with approximately 200 mL of sterile 1:1 ratio perlite #2 (Pahroc Giant, Panaca, NV) and 
vermiculite (Therm-O-Rock, New Eagle, PA) with a thin layer (90 mL) of vermiculite to cover 
the seeds. All planted pots were placed on a silicon heat mat, at 80℃, watered as needed, and 
grown under a three-strip stratum of 20W balanced spectrum light emitting diode lighting 
(TotalGrow, Holland, MI) under a daily 15-hour light-period. All plantings took place in a 
laboratory setting at an ambient temperature of 25℃ ∓2. Heat mat treatment was removed once 
seeds germinated, and the seedlings were grown for eight days prior to transplanting. 

Seedling Transplanting 

Eight-day old seedlings were gently uprooted, rinsed with water, and transplanted into 25 x 150 
mm glass culture tubes (Duran Wheaton Kimble, Mainz, Germany) containing 14 mL of 
UltraPure agarose gel (Invitrogen, Carlsbad, CA) growing media instead of traditional agar. The 
growth medium consisted of agarose with Murashige and Skoog Basal Salt Mixture (MS) 
(Sigma-Aldrich, St. Louis, MO) (Table S3.1) and was brought to a pH between 5.7 - 5.8. 
Twenty-two seedlings per genotype were transplanted.  Additionally, 1 mL of liquid MS solution 
(pH 5.7 - 5.8) was added to each tube on the day of transplanting and repeated seven days later to 
keep the media moist to reduce cracking. The seedlings were grown and acclimated for an 
additional 16 days and the stem color (Figure S3.1) of each genotype was noted for any potential 
correlation analysis.  

Inoculum Preparation and Plant Inoculation 

The Phytophthora isolate used for inoculum was cultured on 10% V8 agar (Table S3.2) petri 
dishes (60 x 15 mm) (Fisher Scientific, Waltham, MA) and grown for 5 -10 days under 
continuous 15W fluorescent lighting at ~25℃. Cultures were transferred as 4.7mm cubes onto 
larger 10% V8 agar Petri dishes (100 mm x 15 mm) (Fisher Scientific, Waltham, MA) and 
grown under the same growing conditions for 10-14 days to increase pathogen sporangium 
formation. On the day of plant inoculation, the phytophthora cultures were flooded with 15 mL 
of sterile distilled water (SDW) undisturbed for 30 minutes to activate zoospore release from 
sporangium. The zoospore infested water was pooled in a sterile beaker and a 1 mL was pipetted 
into a 1.7 mL tube (Corning Incorporated, Salt Lake City, UT) and vortexed (Scientific 
Industries, Bohemia, NY) at setting 10 for one minute to dislodge the flagellum from the 
zoospore. Ten microliters of the zoospore suspension were added on each side of a 
hemocytometer (Cambridge Instruments Inc., Buffalo, NY) and quantified using a compound 
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microscope (Olympus Bh-2, Tokyo, Japan). This process was repeated five times, and the 
zoospore average concentration was calculated and diluted to 1x104 zoospores per milliliter. 
Experimental replicates were blocked in time. Collectively 26 seedlings of each genotype were 
treated with 20 mL of Phytophthora zoospore infested water and four were treated with the same 
volume of SDW as a control. All genotypes were exposed to the same environmental conditions. 

Seedling Microscopy 

Five days post-inoculation, seedlings were gently removed from their culture tubes to prevent 
mycelium and other pathogen tissue from dislodging from the plant and placed into a Petri dish 
(150 x 15 mm) (VWR International, Radnor, PA) containing approximately 50 mL of water. 
Infected seedlings were partially submerged which caused Phytophthora mycelium and biofilm 
to float and expand allowing images to be captured for pathogen area growth quantification. A 2 
mm zirconium oxide bead (MP Biomedicals, Santa Ana, California, USA) was also included in 
the dish serving as a size reference within each image. For each genotype, half of the seedling 
population was processed for microscopy followed by the second half in the reverse order to 
accommodate variation in pathogen growth due to the amount of time seedings were exposed to 
the pathogen. Approximately 2 cm of stem length containing the most abundant pathogen growth 
was captured for image analysis. Images were captured under a dissecting microscope (Leica 
KL300 LED with S7E Stereozoom, Heerbrugg, Switzerland) with bottom lighting. 

Image Analysis 

Pathogen area growth along the papaya seedling stems in images were quantified using Assess 
2.0: Image Analysis Software for Plant Disease Quantification (Lamari 2008). The diseased area 
was manually outlined using a fine-tipped stylus and a Samsung Galaxy TabS7 then quantified 
after eliminating glare, debris, and other uninfected stem sections that would contribute to 
inaccurate mycelium area reads by the software. The “LAB” color space of the software was 
modulated using the “Manual Panel”. Illumination settings for each image assessment had a “B” 
(blue) selected as the color plane with a fixed “LAB” “high” setting of 255 while the “low” LAB 
setting was adjustable allowing for flexibility of pixel density needed to properly highlight semi-
transparent areas such as biofilms and fine mycelium strands. The unit of measurement from the 
software to quantify pathogen tissue was in pixels. A Kruskal Wallace test and Dunn’s multiple 
comparisons test with a Benjamini Hochberg correction was done using RStudio (version 4.0.3). 
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Disease Rating from Images 

Alternatively, microscopy images were also given a disease rating of either 0, 1, 2, 3, or 4 with 0 
showing no growth, 1 having minimal growth, and higher ratings indicating increased mycelium 
growth and density both laterally and vertically along the seedling in addition to any biofilm 
growth present (Figure 3.1). A chi-square test was applied to analyze the frequencies of ratings. 

Naked-Eye Observation of Phytophthora Growth 

Observations of Phytophthora mycelium growth along the stem region were taken on days 1-5 
post inoculation. Examinations involved visual 360° inspections through culture tubes at eye-
level aided with a 500-lumen flashlight (Makita, La Mirada, CA) and given a disease rating 
ranging from 0-4 (Figure 3.2). Disease ratings were based on a rating of zero having no 
pathogen growth and higher ratings showing progressive growth vertically and laterally along the 
seedling stem. The daily disease rating was collected, and a chi-square test was applied to 
determine differences among disease ratings. In addition, the average rating was calculated and a 
Kruskal Wallace test followed by Dunn’s multiple comparison test with a Benjamini-Hochberg 
correction was done. The accuracy between the microscopy-image and naked-eye disease rating 
methods was determined by subtracting the summed absolute difference between ratings of the 
naked-eye method and the overall image disease rating sum. This value was then divided by the 
overall image disease rating sum to obtain an accuracy percentage between the two phenotyping 
methods. 

3.3 Results 

Phytophthora palmivora Growth Area Quantification 

The total population size consisted of 450 seedlings. After five days of P. palmivora inoculation, 
among the 15 papaya cultivars, ‘Waimanalo’ had significantly less pathogen growth than 
‘SunUp’, ‘Sunrise’, HCAR 320, and Dr. Zee’s Golden ‘Sunrise’ selection (p = 0.045). 
Comparing the mean pathogen growth, ‘Waimanalo’ had the least followed by ‘Kapoho’ solo, 
HIW, and hybrid WAIxSU rounding out the top four. Similarly to previous results, ‘SunUp’, 
‘Sunrise’, Dr. Zee’s Golden Sunrise selection HCAR 320, showed the most average growth 
(Figure 3.3). There was no difference between the commercial check ‘Rainbow’ and the tolerant 
check ‘Waimanalo’. However, based on the average pathogen growth among cultivars, additive 
effects towards increased resistance contributed by ‘Waimanalo’, HIW, and ‘Kapoho’ solo were 
demonstrated in their F1 hybrids. When both cultivars were individually crossed with ‘SunUp’, 
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this led to 31% less pathogen growth in WAIxSU, 20% less in HIWxSU, and 22% less growth in 
the ‘Rainbow’ cultivar which is the hybrid between ‘Kapoho’ solo and ‘SunUp’. ‘Waimanalo’ 
and other solo varieties are widely used in papaya breeding and are considered good combiners 
for desired traits (Dinesh et al. 1991). 

Image Disease Rating 

The image-based disease ratings identified large differences among papaya genotypes (p = 
0.002). The accessions HCAR 320, ‘Sunrise’, Dr. Zee’s ‘Sunrise selection’, and ‘SunUp’ had the 
highest frequencies of heavy Phytophthora colonization and area growth (Figure 3.4). 
Accessions that had the lowest frequency of less growth were HIW, ‘Waimanalo’, ‘Kapoho’ 
solo, WAIxSU, and HCAR 164. Comparing disease ratings and the abundance of Phytophthora 
area growth (pixels), differences were present between all ratings except 1 and 0 (p = 2.2e-16). 

Naked-Eye Daily Disease Ratings 

There were differences among genotypes at days three (p =1.88e-09), four (p = 8.33e-10), and five 
post inoculation (p = 5.58e-06). The average daily disease rating after five days post inoculation 
was calculated and differences in average disease ratings were apparent (p = 6.63e-15). 
Genotypes HCAR 164, 314, and 310 had the least average disease rating. 

Comparison Between Two Rating Methods 

Image disease ratings was a snapshot at day five post inoculation. A comparison between image 
disease ratings and naked eye disease ratings at day-five demonstrated the latter method to be 
79% percent accurate. The accuracy measure was determined by computing the following. 1) 
Sum of the image disease ratings. 2) Absolute difference between both rating methods and 
summed. 3) Difference between the image rating sum and the absolute difference sum. 4) The 
quotient of the absolute difference sum and the image disease rating sum was calculated to 
obtain an accuracy percentage between the two phenotyping methods. 

Different phenotyping methods (two image analysis and naked eye analysis) for daily disease 
rating observations were applied with varying accuracy. Of the three methods, software image 
analysis is the most accurate yet most time consuming. Based on this method, ‘Waimanalo’ is 
considered to have the most P. palmivora tolerance (Manshardt 2012; Mosqueda-Vazquez et al. 
1981). Although not quantified, roots of ‘Waimanalo’ appeared firmer projecting outwards 
laterally compared to others showing severe root wilting and drooping.  Genotype HCAR 320, a 
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yellow-fleshed papaya variety collected from Northern Mariana Islands, United States, was most 
susceptible to P. palmivora and had the most overall pathogen growth. The accessions ‘SunUp’ 
(Jia et al. 2012, Manshardt 2012), Sunrise’, and HCAR 323 - Dr. Zee’s Golden ‘Sunrise’ were 
also susceptible. Three of the four genotypes that had the most abundant P. palmivora growth are 
‘Sunrise’ or a variation of ‘Sunrise’ while the other 10 genotypes are considered to have some 
level of resistance. Previous work has shown HCAR 196- ‘Higgins’ as susceptible (Mosqueda-
Vazquez et al. 1981) but here it showed moderate resistance. Despite showing intermediate 
resistance, HCAR 17 – ‘Saipan Red’ was also found to be tolerant to root rot in a glasshouse 
setting (Vawdrey et al. 2004). HCAR 323 – Dr. Zee’s Golden ‘Sunrise’ was included in this 
experiment due to its blemish-free (freckles) exocarp. Considered as susceptible resulting from 
software image analysis, this cultivar can be further improved with increased Phytophthora 
resistance while maintaining blemish-free fruit characteristics. Similar to other studies, wilting 
symptoms of seedlings were evident three to four days post inoculation (Jia et al. 2012; 
Mosqueda-Vazquez et al. 1981). Naked eye observations for Phytophthora growth, mycelium 
growth can be observed as early as 24 hours post inoculation. The presence and absence of 
pathogen growth can be used to screen through papaya mapping populations for individuals 
containing increased partial resistance potentially related to the presence of resistance genes 
expressed at the early stages of infection. 

3.4 Discussion 

Here we present a rapid, whole-plant in vitro assay to screen multiple papaya genotypes for P. 
palmivora partial resistance based on pathogen growth along seedling stems. Exposure of the 
entire plant to P. palmivora provides a complete plant to pathogen interaction for phenotyping 
partial resistance compared to detached assays measuring lesions on leaf disc, and fruit (Noorda-
Nguyen et al. 2010). Despite testing 24-day-old seedlings, differences in partial resistance among 
genotypes was still detected (Mosqueda-Vazquez et al. 1981). The majority of accessions were 
obtained from the National Plant Germplasm System that provides important observational plant 
and fruit phenotypic traits enabling breeders and researchers to make informed decisions on 
selecting accessions for further research. When applicable, it is also important to evaluate and 
provide additional information regarding disease and pest resistance. In conclusion, we provide 
additional information for breeders and papaya growers to make more informed decisions based 
on 15 genotypes and their partial resistance towards P. palmivora and their potential as parents in 
breeding for increased resistance. We also provide a faster disease screening assay with multiple 
phenotyping methods to screen papaya genotypes at younger growth stages that have the 
potential to be combined with RNA sequencing analysis or used in other crops. 
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3.5 Caveats and Improvements 

A limitation to the assay is that it is logistically difficult to explore multiple genotypes due to 
differences in time to germination, contamination of the pathogen, host, or poor seedling 
germination. Despite precautions taken by limiting the fluctuation of moisture content that affect 
seed germination, specifically the germination rate of ‘Waimanalo’ declines rapidly which 
affects the ability to obtain desired population samples and may have an effect on overall plant 
health affecting true plant to pathogen interactions. While this assay is fast, it is important to 
have an abundant supply of fresh seeds, and additional in vitro growing space would allow 
experimental replications to occur more frequently prior to seed quality decline. The presence of 
biofilm can increase pathogenicity and should be considered when quantifying disease area 
growth. However, due to the limitations of the image analysis software, the quantification of 
biofilm measured in pixels was limited. It was important to capture mycelium growth and 
density without oversaturating pixel count by trying to account for biofilm growth that would 
inaccurately indicate increased pathogen area growth. Therefore, only biofilm that was detected 
in addition to mycelium growth were included in the software image analysis. The disease rating 
of images was included accounting for excessive and defined biofilm growth despite the 
software’s inability to quantify them simultaneously. 
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Figure 3.1. Guide demonstrating examples of image disease rating based on the presence, 
absence, density, and distribution of P. palmivora mycelium and biofilm along papaya seedling 
stems. 0, disease rating 0 displaying no growth. 1, disease rating 1 with minimal growth. 2, 
disease rating 2 exhibiting short mycelium growth. 3, disease rating 3 with increased mycelium 
lateral growth/density and increased growth along the length of the papaya stem. 4, disease rating 
4 displays increased mycelium density with obvious attached biofilm and increased lateral 
growth throughout the length of the seedling stem. The spherical object in the image is a 2mm 
bead used as a size reference. 
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Figure 3.2. Daily disease rating of Carica papaya seedlings inoculated with Phytophthora 
palmivora using the naked eye. 0, disease rating 0 with no visible mycelium growth along the 
seedling stem. 1, disease rating 1 with minimal fine mycelium along the stem as highlighted in 
red box. 2, disease rating 2 displaying increased patches of mycelium growth along the seedling 
stem. 3, disease rating 3 displaying longer dense mycelium growth/ biofilm aggregate throughout 
the majority or the entirety of the seedling stem. 4, disease rating 4 showing increased mycelium 
growth/biofilm with thicker mats and density along the seedling stem. 
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Figure 3.3. Variation in disease response from image analysis of 15 high quality papaya 
accessions. Average Phytophthora growth area among papaya genotypes based on software 
image analysis quantification. From left to right shows genotypes that had the least (HCAR 310) 
to most (HCAR 320) pathogen area growth. 
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Figure 3.4. Comparison of disease rating (0–4) frequencies among 15 papaya genotypes based 
on the image disease rating method. Lower frequencies of disease rating 4 (magenta) indicate 
increased partial resistance. 
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Figure 3.5. Ratio disease rating frequencies inclusive of days 1–5 post inoculation among 15 
papaya genotypes based on the naked eye phenotyping of P. palmivora mycelium colonization 
and biofilm growth severity. Higher disease ratings indicate extensive pathogen growth 
compared to lower ratings. The ‘Rainbow’ genotype had five less samples (108) compared to the 
other genotypes. 
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Table 3.1. Papaya accessions screened for P. palmivora partial resistance. 

Accession Name Origin Total Soluble Solids 

HCAR 11 LINE 116 Hawaii, United States 11.5–14.9 

HCAR 17 SAIPAN RED Northern Mariana Islands, 
United States 11.8 

HCAR 27 ‘KAPOHO’ Hawaii, United States 13.4 

HCAR 164 356-3 Florida, United States 10.3–11.7 

HCAR 196 ‘HIGGINS’ Hawaii, United States 14–14.43 

HCAR 310 ‘WAIMANALO’ Hawaii, United States 12.2 

HCAR 314 ‘Kapoho’ Solo Green 
Stem N/A 13.1 

HCAR 315 ‘Sunrise’ N/A 12.61 

HCAR 320 #3 Northern Mariana Islands, 
United States 11.66 

 ‘SunUp’ Hawaii, United States 12–16 

 ‘Rainbow’ Hawaii, United States 12–16 

HCAR 323 Dr. Zee’s Golden 
‘Sunrise’ selection N/A 9.7 

 HI Island ‘Waimanalo’ 
Selection Hawaii, United States N/A 

 HI Island ‘Waimanalo’ 
Selection x ‘SunUp’ Hawaii, United States N/A 

 ‘Waimanalo’ x ‘SunUp’ Hawaii, United States N/A 
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Next Steps 

A novel whole plant assay with the ability to phenotype and quantify P. palmivora colonization 
and growth along host papaya seedling stems was developed. This provides the ability to explore 
resistance among different papaya genotypes based on their ability to limit or inhibit pathogen 
growth collectively as a population. The National Clonal Germplasm Repository in Hilo Hawaii 
Caricaceae collection contains 138 local accessions that are available for screening. Fruit and 
plant descriptors for some accessions are present in the Germplasm Resource Information 
Network (GRIN) USDA National Plant Germplasm System database however there are gaps in 
knowledge about disease resistance among the collection. The use of this assay can be used to 
screen other accessions for P. palmivora resistance to provide breeders and researchers with 
more information if increased resistance is a desired trait of interest. 

 Based on this study comparing 15 papaya accessions, the use of this assay was able to 
demonstrate the ‘Waimanalo’ cultivar to be most resistant based on having significantly less 
Phytophthora colonization and growth compared to HCAR 320, ‘Sunrise’ and other susceptible 
varieties derived from ‘Sunrise’. The ‘Waimanalo’ x ’SunUp’ F1 hybrid population showed 
intermediate resistance. Seeds of the F1 hybrids were planted in a field plot at the Waiakea 
Research Station in Hilo Hawaii and are currently producing flowers that have been self-
pollinated to develop an F2 segregating population. 

During the first 48 hours of pathogen exposure in this study, papaya seedling stems can be 
phenotype by the naked eye based on the presence or absence of P. palmivora mycelium along 
stems. This phenotyping method will be used in combination with bulked segregant RNA-
Sequencing (BSR-seq) to aid with genetic mapping of genes associated with P. palmivora 
resistance and to obtain a mapping population consisting of 30 tolerant and 30 susceptible 
individuals from the F2 segregating population, ‘Waimanalo’, and ‘SunUp’ seedling populations. 
Seedlings showing no visible pathogen growth in 48 hours post inoculation will be considered 
resistant compared to seedlings with pathogen growth (susceptible). RNA Bulks will be created 
by individually extracting the RNA from each individual plant and mixing equal parts of RNA 
from tolerant and susceptible plants from each cultivar and F2 population. Resistant plants may 
contain differentially expressed genes inhibiting pathogen proliferation. Using BSR-seq the 
expectation is to identify both resistance QTL and candidate genes in a single experiment. 
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Appendix 

Supplementary Figures and Tables 

Table S1.1. Comparison of P. palmivora sporangium averaged measurements across the major 
papaya cultivation areas. 

Papaya 
Cultivation 

Location 

L:W Ratio 

 

Ratio 
Standard 

dev. 

Length 
(µm) 

Length 
Standard 
Dev. (µM) 

Width 
(µm) 

Width 
Standard 
dev. (µm) 

KSP 1.58 0.34 48.67 9.57 31.33 9.57 

KSB 1.57 0.27 47.67 11.46 30.67 11.46 

KSB 1.63 0.28 49.33 8.54 30.33 8.54 

KSI 1.56 0.20 49.33 7.27 31.67 7.27 

Kap 1.75 0.35 52.00 7.92 30.00 7.92 

KgL 1.70 0.29 53.00 6.40 31.67 6.40 

KSP 1.54 0.24 45.33 6.18 29.67 6.18 

WRS 1.67 0.24 50.00 7.30 30.00 7.30 
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Table S1.2. Percentage of NCBI BLAST hits for each organism returned within the entire 
sample population present in each papaya cultivation area for each genetic marker used for PCR. 

Kapoho 
 

Genetic Marker 

Organism 
Beta-tubulin EF-1-alpha Cox1 Cox2 ITS1 

N = 200 N = 200 N = 200  N = 200 N = 200 

P. agathidicida - - - - - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 

P. arecae 6.00% 7.00% 1.00% 4.00% 1.00% 

P. arenaria - 2.00% - 1.00% - 

P. boodjera - - - 1.00% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 1.00% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - - 

P. inclinata - 4.00% - - - 

P. litchii - 2.50% - 1.00% - 

P. megakarya - 7.50% - - - 

P. multipapillata - 4.00% - - - 

P. novae-guineae - - - 1.00% - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 49.00% 86.00% 78.00% 98.00% 
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P. pyriformis - - - - - 

P. quercetorum - 3.00% - - - 

P. quercina - - - - - 

P. species - 1.50% - - - 

P. sumatera - - - 5.00% - 

P. taxon 5.00% 5.00% - - 1.00% 

P. transposita - 2.00% - - - 

P. tropicalis - 3.50% - - - 

Perenphythora litchii - - - 2.00% - 

KSI 

  Beta-tubulin EF-1-alpha Cox1 Cox2 ITS1 

N = 400 N = 400 N = 400 N = 300 N = 400 

P. agathidicida - - - 5.33% - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 

P. arecae 6.00% 7.00% 1.00% 4.00% 0.50% 

P. arenaria - 2.00% - 0.67% - 

P. boodjera - - - 0.67% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 1.00% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - - 
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P. inclinata - 4.00% - - - 

P. litchii - 2.00% - 1.00% - 

P. megakarya - 7.50% - - - 

P. multipapillata - 4.00% - - - 

P. novae-guineae - - - 1.00% - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 48.50% 86.00% 76.67% 98.50% 

P. pyriformis - 0.50% - - - 

P. quercetorum - 3.00% - 0.67% - 

P. quercina - - - - - 

P. species - 1.75% - - 1.00% 

P. sumatera - - - 1.67% - 

P. taxon 5.00% 5.00% - - - 

P. transposita - 2.00% - - - 

P. tropicalis - 3.75% - - - 

Perenphythora litchii - - - 1.33% - 

KSB 

  Beta-tubulin  EF-1-alpha Cox1 Cox2 ITS1 

N = 400 N = 400 N = 200 N = 400 N = 400 

P. agathidicida - - - - - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 
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P. arecae 6.00% 7.00% 1.00% 4.00% 1.50% 

P. arenaria - 2.00% - 1.00% - 

P. boodjera - - - 1.00% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 1.00% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - - 

P. inclinata - 4.00% - - - 

P. litchii - 2.25% - 1.00% - 

P. megakarya - 7.00% - - - 

P. multipapillata - 4.00% - - - 

P. novae-guineae - - - - - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 48.00% 86.00% 78.00% 97.00% 

P. pyriformis - 1.25% - - - 

P. quercetorum - 3.00% - - - 

P. quercina - - - - - 

P. species - 1.50% - - - 

P. sumatera - - - 5.75% - 

P. taxon 5.00% 5.00% - - 1.50% 

P. transposita - 2.00% - - - 

P. tropicalis - 4.00% - - - 

Perenphythora litchii - - - 2.00% - 
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KgL 

  Beta-tubulin  EF-1-alpha Cox1 Cox2 ITS1 

N = 100 N = 100 N = 100 N = 100 N = 100 

P. agathidicida - - - 4.00% - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 

P. arecae 6.00% 7.00% 1.00% 4.00% 2.00% 

P. arenaria - 2.00% - 1.00% - 

P. boodjera - - - 1.00% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 1.00% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - - 

P. inclinata - 4.00% - - - 

P. litchii - 1.00% - 1.00% - 

P. megakarya - 7.00% - - - 

P. multipapillata - 4.00% - - - 

P. novae-guineae - - - 1.00% - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 48.00% 86.00% 78.00% 96.00% 

P. pyriformis - 2.00% - - - 

P. quercetorum - 3.00% - - - 
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P. quercina - - - 1.00% - 

P. species - 2.00% - - - 

P. sumatera - - - - - 

P. taxon 5.00% 5.00% - - 2.00% 

P. transposita - 2.00% - - - 

P. tropicalis - 4.00% - - - 

Perenphythora litchii - - - 2.00% - 

KSP 

  Beta-tubulin  EF-1-alpha Cox1 Cox2 ITS1 

N = 600 N = 600 N = 400 N = 600 N = 600 

P. agathidicida - - - - - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 

P. arecae 6.00% 7.00% 1.00% 4.00% 1.33% 

P. arenaria - 2.00% - 1.00% - 

P. boodjera - - - 1.00% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 0.67% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - 0.17% 

P. inclinata - 4.00% - - - 

P. litchii - 3.67% - 1.00% - 
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P. megakarya - 6.50% - - - 

P. multipapillata - 3.83% - - - 

P. novae-guineae - - - 0.83% - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 50.33% 86.00% 78.00% 97.67% 

P. pyriformis - - - - - 

P. quercetorum - 3.00% - - - 

P. quercina - - - - - 

P. species - 1.17% - - 0.50% 

P. sumatera - - - 5.17% - 

P. taxon 5.00% 5.00% - - 0.33% 

P. transposita - 2.00% - - - 

P. tropicalis - 2.83% - 2.00% - 

Peronophythora litchii - - - - - 

WRS 
 

Beta-tubulin EF-1-alpha Cox1 Cox2 ITS1 

N = 300 N = 300 N = 400 N = 400 N = 400 

P. agathidicida - - - 1.50% - 

P. alticola - 1.00% - - - 

P. angustata - - - 6.00% - 

P. arecae 6.00% 7.00% 1.00% 4.00% - 

P. arenaria - 2.00% - 1.00% - 
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P. boodjera - - - 1.00% - 

P. botryosa 1.00% 1.00% - 1.00% - 

P. capsici - 0.67% - - - 

P. heterospora 14.00% - 13.00% - - 

P. himalayensis - - - - - 

P. inclinata - 4.00% - - - 

P. litchii - 2.33% - 1.00% - 

P. megakarya - 6.33% - - - 

P. multipapillata - 4.00% - - - 

P. novae-guineae - - - 1.00% - 

P. obovoidea - 6.00% - - - 

P. palmivora 74.00% 49.33% 86.00% 77.50% 97.50% 

P. pyriformis - 1.00% - - - 

P. quercetorum - 3.00% - - - 

P. quercina - - - 0.25% - 

P. species - 1.67% - - 1.00% 

P. sumatera - - - 3.75% - 

P. taxon 5.00% 5.00% - - 1.50% 

P. transposita - 2.00% - - - 

P. tropicalis - 3.67% - - - 

Perenphythora litchii - - - 2.00% - 
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Figure S2.1. Carica papaya seedlings were transferred into culture tubes and inoculated with 
five Phytophthora palmivora zoospore solution concentrations. 
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Figure S2.2. Microscopy image analysis and quantification of Phytophthora palmivora 
mycelium and biofilm aggregate using APS Assess 2.0.; A, Expanded P. palmivora mycelium 
and attached biofilm growth from an infected Carica papaya seedling stem floating in water; B, 
Pathogen growth area highlighted by APS Assess 2.0 software. 
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Figure S2.3. Relationship and influence upon the abundance of disease ratings (0–4) and the 
increase of Phytophthora palmivora inoculum zoospore concentration inclusive of all genotypes. 
Higher disease ratings increased with inoculum concentration. Larger circles indicate increased 
observed ratings. 
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Table S3.1. Media recipe for papaya seedlings grown in vitro in culture tubes. 

Reagents Quantity Manufacturer 

Sterile distilled water 500 mL N/A 

MS Salt 2.15 g Sigma-Aldrich 

Agarose  4.5 g Invitrogen 

 

Table S3.2. Reagents and quantities to make 10% V8 Juice Agar to grow P. palmivora. 

10% V8 Juice Agar (1000 mL) Manufacturer 

V8 Juice 100 mL Cambell Soup Company, 
Napoleon, OH 

CaCO3 0.2 g Sigma-Aldrich, St. Louis, MO 

Bacto Agar 20 g Becton, Dickinson and 
Company, Franklin Lakes, NJ 

Distilled water 900 mL N/A 
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Figure S3.1. C. Papaya stem color observation of 19-day-old seedlings. From left to right 
genotype accessions include HCAR 11, 17, 323, 164, 196, HIWxSU, 310, 314, 315, 320, 
‘SunUp’, ‘Rainbow’, WAIxSU, 27, and HIW. Stem colors ranged from green, dark purple with 
green, purple with shades of green, and green with shades of purple. 
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Figure S3.2. Distribution of disease rating counts among 15 papaya genotypes. 
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