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ABSTRACT

Greenhouse studies were performed to deter-
mine the reactions of 10 "California Wonder"
(Capsicum annuum) accessions to the three
forms of Phytophthora blight (root rot, stem
blight and foliar blight) caused by Phytophthora
capsici. Differences in root rot, stem blight and
foliar blight severities among accessions were
significant. The accessions consistently differ-
entiated into two groups across the three dis-
ease syndromes. Simple sequence repeat (SSR)
markers showed variability both within and be-
tween accessions of California Wonder. The
variability in the responses to the three forms of
Phytophthora blight does not warrant its use-
fulness as a standard susceptible control in
studies involving the Capsicum-P. capsici patho-
system.

Keywords: Pepper; Phytophthora Blight; Root Rot;
Stem Blight; Foliar Blight; SSR

1. INTRODUCTION

"California Wonder" is an heirloom cultivar and one
of the oldest bell pepper (Capsicum annuum L.) cultivars.
It is an open-pollinated inbred line and is still available
commercially and widely used by home and market
growers. It has also been used as a standard cultivar [1]
in various studies, including those on Phytophthora
blight of pepper caused by Phytophthora capsici [2,3].
However, genetic variability among accessions of "Cali-
fornia Wonder" has been demonstrated through random
amplified polymorphic DNA (RAPD) analysis [1].

P. capsici causes multiple disease syndromes in pep-
per such as root rot, foliar blight and stem blight. All are
considered different disease syndromes because each
requires a single and different gene for the expression of
its resistance [4]. In 2006, a study to screen the United

States Department of Agriculture's (USDA) C. annuum
germplasm collection for resistance to root rot, stem
blight and foliar blight was initiated at the University of
Georgia's Department of Horticulture, Tifton, GA and
"California Wonder" was one of the cultivars considered
as a susceptible control. In a preliminary test to deter-
mine the utility of "California Wonder" as the suscepti-
ble control, different accessions of "California Wonder"
were found to vary in their reaction to the pathogen, with
some demonstrating moderately high levels of resistance.
"California Wonder" plants, apparently free of root rot
were also observed in a field plot naturally infested with
P. capsici [5]. To confirm these observations, a study
was conducted to determine the reaction of "California
Wonder" accessions to root rot, foliar blight, and stem
blight, and to investigate the genetic diversity within and
among these accessions through the use of SSR molecu-
lar markers. Information on the variability of the re-
sponses of this cultivar will determine its usefulness in
future Capsicum diseases studies and in the development
of resistant cultivars.

2. MATERIALS AND METHODS

2.1. Plant Material

"California Wonder" seeds were obtained from 10
different sources (Table 1) and seeds from the different
sources were considered different accessions. Seeds from
Ferry-Morse Seeds with different lot numbers were ob-
tained from two different stores and were treated as dif-
ferent accessions. "Aristotle", a crown rot tolerant [6]
and widely-grown cultivar in the bell pepper growing
areas of southern Georgia and "Camelot", a susceptible
cultivar were included as reference commercial cultivars.
"Criollo de Morelos 334" (provided by Dr. P. W. Bor-
land, New Mexico State University) was included as the
resistant control.

For root inoculation tests, seeds from each accession
were sown in individual plastic cells of a 12-cell multipot
bedding plant container (Compack D812, Hummert
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Table 1. "California Wonder" accessions and resistant and su-
sceptible controls used in greenhouse or field tests to deter-
mine their reactions against Phytophthora capsici.

Cultivar Sourcea

Aristotle (moderately resistant)

Camelot (susceptible)

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

California Wonder

Criollo de Morelos 334
(resistant)

Rupp Seeds

Rupp Seeds

Rupp Seeds

Burpee Seed Co.

Ferry-Morse (3126)

American Seed

Otis S. Twilley Seed Co., Inc.

Willhite Seed Inc.

Ferry-Morse (3893)

Lake Valley Seed

The Pepper Gal

Stokes Seed

New Mexico State University
(NMSU) (Dr. P. W. Bosland)

Numbers in parenthesis denote lot number. Lot numbers 3126 and 3893
were purchased from Wal-Mart and Lowe's, respectively.

International, St. Louis, MO). Each cell was 3.9 cm x 2.7
cm x 5.5 cm and contained Redi Earth plug and seedling
mix (Sun Gro, Bellevue, WA). A replicate of each acces-
sion consisted of six cells with one seedling each. Each
multipot container was then placed in 52.3 cm x 25.9 cm
x 6.1 cm F1020 plastic trays with drainage holes (Hum-
mert International, St. Louis, MO).

Two separate sets of test plants were prepared for
foliar and stem inoculations. For each set, three seeds
were sown in 8.9 cm square Kord green pots (Kord
Products, Toronto, Canada). Each pot contained the same
growing mix as mentioned in the above. After 14 days,
each pot was thinned out to one seedling. The seedlings
were then transferred to 18-pocket trays (Kord Products,
Toronto, Canada). Each pocket tray contained six acces-
sions with three pots per accession.

The test plants were maintained in the greenhouse,
watered twice daily and fertilized twice a week with wa-
ter-soluble Miracle-Gro all purpose plant food (24N-6P-
16 K) (Scotts Miracle-Gro Products, Inc., Marysville,
OH) at the rate indicated in the label. The greenhouse air
temperature had a diurnal range of 13°C to 30°C.

2.2. Inoculum Preparation and Inoculation
Methods

Three virulent isolates each from the Al and A2 mat-
ing types of P. capsici that were collected from different

growers' fields in Tift County, GA were used in the
greenhouse inoculation tests. A mixture of zoospores
from these isolates was used to inoculate the test plants.
The zoospores were produced aseptically by transferring
10 agar plugs from the advancing portion of 5-day-old
cultures (25°C, under dark condition) of P. capsici in 5%
(v/v) clarified V8 juice agar [7] to each 100 x 15 mm
Petri dish and 10 ml of clarified V8 juice were added
thereafter. After 24 h of incubation at 25°C under dark
condition, the V8 juice in each plate was replaced with
10 ml sterile mineral salt solution (MSS) [7] and incu-
bated at 20°C, 30 cm under two fluorescent lights (cool
white, 20 W, 35 p.mol-m-2-s-1) for 24 h. The MSS from
each plate was then replaced with the same volume of
fresh MSS and allowed to incubate for three more days.

Zoospores from each isolate were harvested separately.
Zoospores were harvested by discarding the MSS, after
which each plate was washed with 10 ml of sterile dis-
tilled water. After the second washing, 10 ml of sterile
distilled water was added to each plate and placed in a
refrigerator (1.3°C) for 45 min The plates were warmed
on top of a laboratory bench and monitored for zoospore
release. The zoospore suspension from each Petri dish
was transferred to a 100-ml graduated cylinder and left
undisturbed for 5 min. The upper 10 ml of the zoospore
suspension was pipetted out and transferred to a 15-ml
conical centrifuge. The tube was then inverted gently 2 -
3 times to distribute the zoospores in the suspension. One
ml of the suspension was transferred to a 2-ml microcen-
trifuge tube with flat cap and vortexed for 90 sec to en-
cyst the zoospores. The zoospore concentration was de-
termined by using a hemacytometer and adjusted to re-
quired inoculum densities.

2.3. Root Inoculation

Two hours prior to inoculation, the trays containing
14-day-old pepper seedlings were placed in water-filled
F1020 trays without drainage holes to saturate the roots.
Five ml zoospore suspension (2000 zoospores per ml)
was then delivered to each cell [8] by using an automatic
dispenser (Finpipette, Vantaa, Finland). The saturated
condition was maintained for another 48 hrs and disease
evaluation was performed 14 days after inoculation. The
plants were evaluated based on a 10-point scale [8]: 0 =
no response, vigorous, healthy; 3 = brown roots, slight
stunting, very small lesions on stems; 5 = brown roots,
small lesions on stems, lower leaves wilted, stunted
plants; 7 = brown roots, large lesions on stems, girdling,
whole plant wilted, and stunted; 9 = death. Even numbers
corresponded to intermediate responses.

The root inoculation tests were performed in the
greenhouse in a randomized complete block design with
five replications. Each replicate consisted of six seed-
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lings and the test was repeated once.

2.4. Foliar Inoculation

Foliar inoculations were performed in 6-wk-old seed-
lings and arranged in a randomized complete block de-
sign with five replications under greenhouse conditions.
Each replicate consisted of three seedlings and the test
was repeated once. A volume of 100 p.1 zoospore suspen-
sion (5000 zoospores per ml) was placed on the upper
surface of a partially expanded leaf [9]. The inoculated
seedlings were placed inside a humidity chamber made
of 0.1 mm plastic sheets that were also used to cover the
mesh opening of the greenhouse benches. A home-use
humidifier provided a relative humidity of 100% at night.
Foliar blight assessment was performed 14 days after
inoculation by using a 0 - 5 foliar blight severity scale
[10]: 0 = no visible symptoms, 1 = small circular or ir-
regular spots on upper leaves, 2 = leaf-enlarged symp-
toms with brownish lesions beginning to appear on stems
and <25% of the plant wilted, 3 = leaves defoliated with
lesions on leaves covering half of a leaf and 25% - 50%
of the plant wilted moderately, 4 = leaves defoliated or
dried, with rapidly expanding stem lesions and 50% -
70% of the plant wilted severely, and 5 = plant dead.

2.5. Stem Inoculation

Greenhouse stem inoculations were performed in a
randomized complete block design with five replications.
Each replicate consisted of three seedlings and the test
was repeated once. At eight weeks after planting, stems
were tied with sterile absorbent cotton yarn (3 mm in
diameter) [4] at two different places 2 - 3 cm apart. One
hour before inoculation, the yarns were saturated with
sterile distilled water and 45 p.1 of zoospore suspension
(50,000 zoospores per ml) was placed on the upper yarn.
Stem blight assessment was performed 14 days after in-
oculation by using a 0-5 stem blight severity scale [10]: 0
= no visible symptoms, 1 = brownish lesion at the inocu-
lation point, 2 = stem lesion extending 1 - 3 cm from in-
oculation point, 3 = stem lesion progression up to half of
the plant height, 4 = stem lesion progressing toward the
shoot apex, and 5 = plant dead.

2.6. Field Test

The difference in the reaction of "California Wonder"
from Burpee Seed Co. and Rupp Seeds was verified in a
field test during fall of 2008 by superimposing it in an
ongoing pepper varietal test in a field plot that was natu-
rally infested with P. capsici. "Aristotle", "Camelot",
and "Criollo de Morelos 334" were included as reference
cultivars. The field test was conducted at the Black
Shank Farm of the University of Georgia's Coastal Plain
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Experiment Station, Tifton, GA. The soil type was fu-
quay loamy sand (88% sand, 8% silt, 4% clay; pH 5.5 -
6.0; 2% organic matter; loamy, siliceous thermic Arenic
Plinthic Paleudults). Raised soil beds measuring 4.6 m
long, 0.8 m wide and 0.3 m high were formed by using a
commercial tractor-drawn bedder (Kennco's Blue Bed-
der Model BL4000BK, Kennco, Mfg., Ruskin, FL). Drip
irrigation tapes (Aqua-Traxxs Premium drip tape, Toro
Ag Irrigation Business, El Cajon, CA) were installed at a
depth of 2.5 cm at the same time with white low-density
polyethylene (LDPE) plastic mulch (50 mm thickness).
The pepper accessions or cultivars were arranged in a
randomized complete block design with five replications
and each replicate consisted of a total of 32 plants for
each accession. Seven-week-old seedlings were trans-
planted on double rows with the distance between rows
and between plants within a row at 30 cm. All treatments
were fertigated once a week (130 kg/ha of nitrogen, 48
kg/ha of P2O5, 27 kg/ha K2O) by injecting the liquid fer-
tilizer into the drip irrigation system. Insects and weeds
were controlled according to the practices recommended
by the University of Georgia Cooperative Extension Ser-
vices. All treatments were evaluated at maturity for root
rot severity by estimating the percentage of root rot sys-
tem with root discoloration or browning; and for plant
survival which is the percentage of plants that survived
the disease.

2.7. Molecular Marker Analysis

Seeds were planted is seedling trays at the University
of Georgia South Milledge Greenhouses in Athens, GA.
Three leaf disks were collected from 3 or 4 plants of each
cultivar/accession using the lid of a microfuge tube as a
punch. Samples were immediately put in liquid nitrogen
and stored at -80°C until processing. Samples were
ground using 5 mm stainless steel beads (Qiagen, Inc,
Valencia, CA) and the TissueLyser system (Qiagen).
After grinding, DNA was extracted using GenElute Plant
Genome DNA miniprep kit (Sigma-Aldrich Inc., St.
Louis, Mo.). DNA concentration was measured on a
NanoDrop (Model ND-8000, Thermo Fisher Scientific
Inc., Waltham, MA) and diluted if necessary.

Twenty-two previously published SSR primer pairs
[11-13] were tested as described previously [14] and 9
were found to be polymorphic within or between Cali-
fornia Wonder seed lots (Table 2).

PowerMarker Version 3.25 [15] was used to calculate
frequency based distances [16] and draw a tree based on
the unweighted pair group method with arithmetic mean
(UPGMA) [17] that was visualized in Tree View [18].
Powermarker was also used to calculate heterozygosity
[19] and polymorphism information content (PIC) [20],
while genotype diversity was calculated as described
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Table 2. The nine SSR primer pairs that showed polymorphic allele sizes within or between "California Wonder" seed sources.

Primer Namez Sequence 5' - 3' Allele size range
(bp)

Annealing Temp
('C)

No. of alleles PICb

Fwd AACCCAATCCCCTTATCCAC
EPMS 331 73 - 97 53 4 0.41

Rev GCATTAGCAGAAGCCATTTG

Fwd ATGCAGAGATTGTCGAAGCC
EPMS 335 297 - 300 53 2 0.33

Rev GCAGAGAAGACTCACCAGTCC

Fwd ACCCACCTTCATCAACAACC
EPMS 376 247 - 258 50 5 0.27

Rev ATTTGTGGCTTTTCGAAACG

Fwd TCTCTCTCTACATCTCTCCGTTG
EPMS 404 232 - 248 50 6 0.63

Rev TGTCGTTCGTCGACGTACTC

Fwd ATCTTCTTCTCATTTCTCCCTTC
EPMS418 195 - 206 53 3 0.45

Rev TGCTCAGCATTAACGACGTC

Fwd AATCCTCCAAATCCACCCTC
EPMS501 174 - 177 53 3 0.21

Rev ATTCGATTGCTTGCTCCTTG

Fwd TCCCTCAGCAGCAACAATTT
GPMS 112 243 - 275 50 6 0.59

Rev GTCGGGCTCTTTGATTGTGT

Fwd AGGTGGCAGTTGAGGCTAAG
GPMS 194 229 - 245 50 7 0.67

Rev GTTCTAGGTCTTTGCCCTGG

Fwd GCAGAGAAAATAAAATTCTCGG
GPMS 197 276 - 303 53 7 0.62

Rev CAATGGAAATTTCATCGACG

Z[13].

by Tommasini et al. [21].

2.8. Data Analysis

Root rot, foliar blight, and stem blight severity data
from the five replications and two experiments were
combined. All are ordinal data and were therefore ana-
lyzed by one-way layout nonparametric tests [22] using
SAS 9.1 software (SAS Institute, Cary, NC). For each
disease syndrome, the rank assigned to each observation
was determined by PROC RANK. The ranks were then
sorted (PROC SORT) by accession and replication, after
which, one-way analysis of the marginal effects, compu-
tation of the lsmeans for each accession, and determina-
tion of the ANOVA-type statistics were performed by
using PROC MIXED. Lastly, the ranks were used to es-
timate the corresponding relative treatment effects and
their confidence intervals (95%) for each accession by
using LD_CI macro [23]. The relative treatment effects
whose values are always between 0 and 1, are directly
related to the values of the observations. Hence, a
smaller relative treatment effects for an accession indi-
cate smaller values for either root rot severity, foliar

blight severity or stem blight severity. The severity val-
ues between two accessions are significantly different
from each other if their 95% confidence intervals for the
relative treatment effects do not overlap. The range and
median of the severity rating for each accession were
also determined.

Data on root discoloration (%) and plant survival (%)
were analyzed by analysis of variance (ANOVA). Mean
separation was performed by the least significant differ-
ence test (LSD, P = 0.05) after a significant F-test in
SAS ver. 9.1 (SAS Institute, Cary, NC).

3. RESULTS AND DISCUSSION

Range, median, mean rank, relative treatments effects
and the confidence intervals for the relative treatment
effects of each accession are presented separately for root
rot, stem blight, and foliar blight severities. Based on
their confidence intervals for relative treatment effects,
the 10 accessions could be differentiated into two groups
(Table 3). The first group consisted of accessions whose
root reactions encompassed the 10-point severity rating
scale for root rot and their median root rot severity
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Table 3. Range, median, mean rank, relative treatment effects, and confidence intervals (CI) for relative treatment effects (RTE) of
root rot severity on "California Wonder" accessions artificially inoculated with Phytophthora capsici.

Cultivar Source Range' Median' Mean rank); RTE 95% CI for RTE

California Wonder Burpee Seed Co. 1 - 9 3.0 228.0 0.32 0.27 - 0.37

California Wonder Ferry-Morse (3126) 1 - 9 3.0 255.9 0.35 0.31 - 0.41

California Wonder American Seed 1 - 9 4.0 277.1 0.38 0.33 - 0.44

California Wonder Otis S. Twilley Seed 1 - 9 5.0 287.9 0.40 0.35 - 0.45

California Wonder Rupp Seeds 1 - 9 5.0 291.5 0.40 0.36 - 0.45

California Wonder Willhite Seed Inc. 1 - 9 5.0 306.6 0.43 0.37 - 0.48

California Wonder Ferry-Morse (3893) 5 - 9 9.0 506.4 0.70 0.68 - 0.73

California Wonder Lake Valley Seed 2 - 9 9.0 518.3 0.72 0.69 - 0.74

California Wonder The Pepper Gal 9 9.0 535.0 0.74 0.73 - 0.75

California Wonder Stokes Seed 9 9.0 535.0 0.74 0.73 - 0.75

Criollo de Morelos 334 NMSU 0-1 1.0 49.3 0.07 0.06 - 0.08

Camelot Rupp Seeds 9 9.0 535.0 0.74 0.73 - 0.75

zRoot rot severity data taken at 14 days after inoculation. Root rot severity from the two experiments was combined and rated based on an ordinal scale rang-
ing from 0 (no response, vigorous, healthy plant) to 9 (dead plant) [8]; 'Mean rank is the average of the ranks (of the observed root rot severity) assigned to all
replicates in two combined experiments. Smaller rank values denote lower root rot severity ratings.

ranged from 3 - 5. The second group consisted of four
accessions with each having a median root rot severity of
9 and two of these accessions (The Pepper Gal and
Stokes Seeds) exhibited consistent root rot severity rat-
ings of 9. Differences among accessions within a group
were not significant, but differences between accessions
coming from the two different groups were significant.
Root rot from the latter group was as severe as that ob-
served on "Camelot" while "Criollo de Morelos 334"

had less root rot than all "California Wonder" accessions.
Stem blight severity differentiated the same two

groups of accessions with differing levels of susceptibil-
ity (Table 4). The first group of six accessions had me-
dian stem blight severities ranging from 1 - 2 and the
second group with a median stem blight severity of 5.

Differences in stem blight severity among accessions
within a group were not significant, but differences be-
tween accessions coming from the two different groups
were significant. The stem blight severity in all "Califor-
nia Wonder" accessions was significantly higher than the
stem blight severity in "Criollo de Morelos 334". On the
other hand, the stem blight severities in the accessions
from the more susceptible second group were not sig-
nificantly different from that of "Camelot".

Lastly, the 10 "California Wonder" accessions differ-
entiated into two groups based on foliar blight severity
(Table 5). The first group exhibited a median of 0 with
observed foliar blight severity ratings of 0 - 5 (except
Ferry-Morse 3126) and the second group with medians
of 5 and observed foliar blight severity ratings of 3 - 5.

Accessions from Stokes Seed and The Pepper Gal had a
consistent foliar blight severity rating of 5. Differences
among accessions within a group were not significant,
but differences between accessions coming from the two
different groups were significant. The only "California
Wonder" accession whose foliar blight severity was not
significantly more than "Criollo de Morelos 334" was
the accession from Rupp Seeds. The foliar blight sever-
ities of the accessions from the second group were not
significantly different from that of "Camelot".

Field tests of two "California Wonder" accessions
from the more resistant group were undertaken to com-
pare to the standard resistant control of "Criollo de Mo-
relos 334" and the popular cultivar "Aristotle" which
demonstrates some tolerance to the disease. The differ-
ences in root rot, stem blight, and foliar blight severities
between accessions from Rupp Seeds and Burpee Seed
Co. were not significant in greenhouse tests, but field
tests demonstrated significant differences in root discol-
oration and plant survival (Table 6). Root discoloration
and plant survival of the Burpee Seed Co. accession were
not significantly different from those of "Aristotle", and
both accessions were significantly more resistant to the P.
capsisci than the susceptible control "Camelot".

SSR markers were used to investigate the heterozy-
gosity and diversity of the "California Wonder" acces-
sions. Nine of the 22 primers used for amplification
showed polymorphisms in allele size within or between
California Wonder seed sources. The PIC of these prim-
ers ranged from 0.21 to 0.67 (Table 2). As expected the
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Table 4. Range, median, mean rank, relative treatment effects, and confidence intervals (CI) for relative treatment effects (RTE) of
stem blight severity on "California Wonder" accessions artificially inoculated with Phytophthora capsici.

Cultivar Source Range' Median' Mean rank); RTE 95% CI for RTE

California Wonder Otis S. Twilley Seed Co. 0 - 3 1.0 101.6 0.28 0.23 - 0.34

California Wonder American Seed 0 - 5 1.0 109.0 0.30 0.24 - 0.38

California Wonder Ferry-Morse (3126) 0 - 5 1.0 108.9 0.30 0.24 - 0.37

California Wonder Willhite Seed Inc. 0 - 5 1.0 112.4 0.31 0.26 - 0.37

California Wonder Burpee Seed Co. 0 - 5 2.0 149.3 0.41 0.34 - 0.50

California Wonder Rupp Seeds 0 - 5 2.0 154.7 0.43 0.38 - 0.48

California Wonder Ferry-Morse ( 3893) 0 - 5 5.0 246.3 0.68 0.60 - 0.76

California Wonder The Pepper Gal 4 - 5 5.0 279.9 0.78 0.75 - 0.80

California Wonder Lake Valley Seed 3 - 5 5.0 280.9 0.78 0.75 - 0.81

California Wonder Stokes Seed 4 - 5 5.0 289.9 0.80 0.78 - 0.82

Criollo de Morelos 334 NMSU 0 - 1 0.0 59.8 0.16 0.14 - 0.20

Camelot Rupp Seeds 0 - 5 5.0 273.2 0.76 0.72 - 0.79

'Stem blight severity data taken at 14 days after inoculation. Stem blight severity from the two experiments was combined and rated based on an ordinal scale
ranging from 0 (no visible symptoms) to 5 (dead plant) [10]; 'Mean rank is the average of the ranks (of the observed stem blight severity) assigned to all repli-
cates in two combined experiments.

Table 5. Range, median, mean rank, relative treatment effects, and confidence intervals (CI) for relative treatment effects (RTE) of
foliar blight severity on "California Wonder" accessions artificially inoculated with Phytophthora capsici.

Cultivar Source Range' Median' Mean rank); RTE 95% CI for RTE

California Wonder Rupp Seeds 0 - 5 0.0 102.4 0.28 0.24 - 0.33

California Wonder Ferry-Morse (3126) 0 - 1 0.0 112.4 0.31 0.27 - 0.35

California Wonder Burpee Seed Co. 0 - 5 0.0 112.3 0.31 0.27 - 0.36

California Wonder Willhite Seed Inc. 0 - 5 0.0 116.1 0.32 0.27 - 0.38

California Wonder Otis S. Twilley Seed Co. 0 - 5 0.0 116.6 0.32 0.27 - 0.38

California Wonder American Seed. 0 - 5 0.0 118.7 0.33 0.27 - 0.40

California Wonder Ferry-Morse ( 3893) 4 - 5 5.0 279.3 0.77 0.76 - 0.79

California Wonder Lake Valley Seed 3 - 5 5.0 282.0 0.78 0.77 - 0.79

California Wonder Stokes Seed 5 5.0 282.0 0.78 0.77 - 0.79

California Wonder The Pepper Gal 5 5.0 282.0 0.78 0.77 - 0.79

Criollo de Morelos 334 NMSU 0 0.0 86.0 0.24 0.22 - 0.25

Camelot Rupp Seeds 1 - 5 5.0 276.0 0.77 0.74 - 0.79

'Foliar blight severity data taken at 14 days after inoculation. Foliar blight severity from the two experiments was combined and rated based on an ordinalscale
ranging from 0 (no visible symptoms) to 5 (dead plant) [10]; 'Mean rank is the average of the ranks (of the observed foliar blight severity) assigned to all repli-
cates in two combined experiments.

hybrid cultivars Aristotle and Camelot showed high het-
erozygosity and low genotype diversity. Genotype diver-
sity is a measure of uniformity of individuals within a
cultivar/accession, and ranges from 0 to 1 with zero in-
dicating no variation within the cultivar/accession [21].

"California Wonder" accessions demonstrated lower
heterozygosity (Table 7), as would be expected from an
open pollinated cultivar of a self pollinating species.
However, three sources had relatively high heterozygos-
ity, indicating that outcrossing does occur. The high
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Table 6. Root discoloration and plant survival of "California
Wonder" accessions and other selected pepper cultivars planted
in a field naturally infested with Phytophthora capsici.

Cultivar Source
Root

discoloration'
(%)

Plant
survival'

(%)

Camelot Rupp Seeds 100.0 1.3

California Wonder Rupp Seeds 46.2 74.0

California Wonder Burpee Seed Co. 31.0 99.3

Aristotle Rupp Seeds 30.3 92.7

Criollo de Morelos 334 NMSU 16.0 100.0

LSD (0.05) 5.8 11.9

zWithin a cultivar, numbers under the root discoloration and plant survival
columns are averages from five replications.

Table 7. Heterozygosity and genotype diversity calculated
from SSR analysis of the cultivars and seed sources used in this
study.

Cultivar/Source # plants Heterozygosity"
Genotype
Diversity);

Aristotle 3 0.556 0.000

Camelot 4 0.556 0.056

CM-334 4 0.000 0.208

CW_American Seed 4 0.000 0.264

CW_Burpee 4 0.111 0.125

CW_Ferry Morse_3126 4 0.028 0.236

CW_Ferry Morse_3893 4 0.167 0.361

CW_Lake Valley 4 0.194 0.417

CW_Pepper Gal 4 0.000 0.042

CW_Rupp 4 0.028 0.167

CW_Stokes 4 0.000 0.042

CW_Twilley 4 0.000 0.056

CW Wilhite 4 0.028 0.194

z[19]; Y[21].

genotype diversity of many accessions indicates signify-
cant variation within the seed sources of supposedly pure
lines.

A phenogram of SSR data indicate that the "California
Wonder" accessions fall into two main clades (Figure 1).
All accessions could be differentiated except for Pepper
Gal and Stokes. These two seed sources also showed no
heterozygosity and low genotype diversity, and may
represent a single source as Stokes is a large supplier of
seeds. The two clades nearly match the two groupings
demonstrated by the resistance tests. The single excep-
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tion is the "Californing Wonder" Rupp accession which
fell into the more resistant grouping in the resistance
tests, but was grouped with the more susceptible acces-
sions by the SSR data.

The variability in "California Wonder" could be at-
tributed to a number of sources [1]: 1) since "California
Wonder" is an old introduction, there is no strict control
over its seed production; 2) a small sample of an origin-
nally genetically diversified population becomes the
source of a new population, but contains only a small
sample of the genetic variability found in the original
Population; 3) modern sources of "California Wonder"
may not be related to an original source at all due to seed
mixing, mislabeling, or misrepresentation. For example,
some packets of seeds of "California Wonder" labeled as
"CalWonder" were observed. "CalWonder" could be
easily confused with "Calwonder", which is a bell pepper
cultivar different from "California Wonder" [24] and
such confusion could lead to mislabeling. 4) cross-pol-
lination with other Capsicum species (2% - 92% occur-
rence) could be another source of the variability [25].
The presence of heterozygosity as indicated by SSR pro-
files in many of the seed sources indicate that precau-
tions should be taken to prevent cross pollination in seed
production fields.

The 10 accessions studied consistently differentiated
into two groups and the accessions which compose each
group were consistent across the three disease syndromes.
Furthermore, the data indicated an overall variability
among "California Wonder" accessions from different
sources in terms of their responses to the three disease
syndromes. This variability in the observations could be
attributed to the high level of genetic variability in culti-
var "California Wonder" as previously reported [1]. It
was also indicated that the genetic variability in cultivar
"California Wonder" existed for the most part, among
seed sources rather than within seed sources [1], while
our study reported here provided evidence that variability
in disease severity was observed within seed sources.

0.1

CW Burpee
CW Twilley
CW Wilhite
CW Ferry Morse 3126
CW American Seed
Camelot
CW Pepper Gal
CW Stokes
CW Rupp

C
CW Ferry Morse 3893

L CW Lake Valley
Aristotle
CM-334

Figure 1. Phenogram based on frequency based distances [16]
and the unweighted pair group method with arithmetic mean
(UPGMA) of the cultivars and seed sources used in this study.

Copyright © 2012 SciRes. Openly accessible at http://www.scirp.orq/iournal/as/



424 B. L. Cando le et al. I Agricultural Sciences 3 (2012) 417-424

With this information, a mass screening for resistance to
P. capsici would be rendered unrealizable if "California
Wonder" is used as the standard susceptible control.
Specifically, it could provide an unreliable benchmark on
the prevailing disease pressure during an experiment as
well as disease pressure from one experiment to another.
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