J. AMER. Soc. Horr. Sci. 126(1):90-94. 2001.
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AssTrAcT. Heritability of resistance to gummy stem blight (Didymella bryoniae (Auersw.) Rehm.) was measured in two
diver secucumber (CucumissativusL .) populations[North Carolinaelitedicer 1 (NCESL) and North Carolinawidebase
pickle (NCWBP)]. Heritability was estimated using par ent—offspring regression and half-sib family analysisin North
Carolina field tests during 1991 and 1992. NCESL is a sicing cucumber population with a narrow genetic base, and
NCWBPisapicklingcucumber population with awidegeneticbase. Heritability estimateswer elowtomoder ateranging
from 0.12 t0 0.49 for the gummy stem blight leaf rating and from —0.03t0 0.12 for stem rating. Estimates of gain from
selection wer eat least twotimeslar ger for selection based on half-sib familiesthan for massselection for all traitsin both
populations. Approximately threeto five cycles of selection would berequired to improve the NCESL population mean
for gummy stem blight leaf resistance by onerating scale unit, and threeto four cyclesof selection would berequired to
improvethe NCWBP population mean for gummy stem blight leaf resistance by onerating scale unit, based on half-sib
family selection. Onerating scaleunit decreaseisequivalent toan 11% reduction in susceptibility. Gain would be slower
if selecting for stem, or leaf and stem resistance. A moderate amount of additive genetic variation exists in both
populationsfor gummy stem blight leaf resistance, but estimatesfor additivegeneticvariationfor stemresistanceindicate
little to no additive genetic variation. Development of populations specifically for greater initial resistance and greater

additive variance than found in these populations should aid in selection for resistance.

Gummy stem blight of cucumber (Cucumis sativus) iscaused
by the fungus Didymella bryoniae (Auersw.) Rehm., which
causes severe defoliation and stem necrosisin the late stages of
cucumber production. Theincidence and severity of damage due
to gummy stem blight on cucumber is second only to root knot
nematode (Meloidogyne incognita, Kofoid and White) in North
Carolina(St. Amand and Wehner, 1991), animportant cucumber
producing state. Control of gummy stem blight on watermelon
[Citrullus lanatus (Thunb.) Matsum. and Nakai] currently re-
quiresthreeto six applicationsof fungicideduring thefirst half of
the growing season or continuing all season (Keinath, 1995).
Crop rotation is also useful for control on watermelon (Keinath,
1996). Similar practices are necessary for optimum control on
cucumber.

Although fungicides are available, genetic resistance is usu-
ally more effective, less costly, less subject to environmental
conditions, and easier for growersto implement. Resistant culti-
gens(cultivars, plantintroductions, and breeding lines) were used
by Wehner and St. Amand (1993) to show that resistance was
guantitatively inherited. Additional research showed that resis-
tance was due to more than five genes (St. Amand and Wehner,
2000).

Genetic improvement of plantsfor quantitativetraitsrequires
reliable estimates of heritability in order to plan an efficient
breeding program (Dudley and Moll, 1969). Wyszogrodzkaet al.
(1986) reported the realized heritability for foliar resistance in
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one cycle of mass selection within the open pollinated slicing
cucumber ‘Homegreen #2' was0.14 to 0.35. However, we know
of no other estimates of heritability or genetic variance of resis-
tance to gummy stem blight in cucumber populations.

The objective of thisresearch wasto estimate the heritability
of leaf and stem resistance to gummy stem blight in two diverse
cucumber populations. Other obj ectiveswereto estimateadditive
and environmental variation, to determine the suitability of the
examined populations for improvement of resistance to gummy
stem blight, and to predict genetic gain from selection in these
populations.

Materialsand M ethods

PopuLATIONSTESTED. TWO cucumber popul ationswereusedin
this study: the North Carolina elite dlicer 1 (NCES1) and the
North Carolinawide base pickle (NCWBP). The NCESL popu-
lation was formed by intercrossing eight elite slicing type culti-
gens (Wehner, 1998). Because of the small number of parents
used, that population was expected to contain less genetic vari-
ability than NCWBP, which was formed by intercrossing 1063
cultigens and selecting for pickle types (Wehner, 1997). Both
populations were improved through recurrent selection cycles
(seven for NCES1 and eight for NCWBP) for fruit yield (total,
marketable, and early) and fruit quality (type, color, and shape)
prior to thisstudy. The parent populationsused in thisstudy were
eachformed by samplingfiveseedsfromapproximately 400 half-
sib families and bulking the seeds.

I NOCULUM PREPARATION AND APPLICATION. Conidiawere pro-
duced as reported previously (St. Amand and Wehner, 1995b,
2000). Only one locally collected, single spore isolate of D.
bryoniae (DB-H-23) was used for inoculation because cultigen
by isolate interactions are not known (St. Amand and Wehner,
19953).

Plants were sprayed with conidia nearly to runoff at the vine
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tipover stage (four to six true leaves) using a backpack sprayer
(Solo, Sindelfingen, Germany) at 103 to 138 kPa(15to 20 psi) 2
weeks after planting. A second inoculation was applied 3 weeks
after planting due to poor disease development following the
initial inoculation. Both inoculations occurred within 2 h after
sunrise, before guttation exudates had dried from the leaves.
Overhead irrigation was used (25 to 38 mm) 3 d after inoculation
to spread the inoculum and encourage uniform disease develop-
ment. Susceptible ‘Wisconsin SMR 18" was planted in every
fourth row of the field test to enhance the uniformity of disease
spread.

EXPERIMENTAL DESIGN AND DATA ANALYSIs. Parent populations
for the parent—offspring regression study were planted at the
Horticultural Crops Research Station, Clayton, N.C., on 15 May
1991. Parents were individual S, plantsin unreplicated, single-
hill, spaced plots. Each population was separated from other
cucumber fieldsaminimum of 500 mtoreduceoutcrossing. Only
naturally occurring pollinators were used. Seeds were harvested
from one mature fruit per parent in each population to form 144
half-sib families.

Offspring populations, used for the parent—offspring regres-
sion study and for half-sib analysis, were planted in Spring (8
June) and Fall (27 July) 1992 at the Horticultural Crops Research
Station, Clinton, N.C. Seasons have been shown to contribute
greatly toenvironmental variationfor yieldincucumber (Wehner,
1987) and disease reactions can vary greatly between seasons
(Wehner and Horton, 1992). Parents were rated in 1991 and
offspring in 1992, ensuring that no environmental covariance
existed between parents and offspring. Such acovariance would
constitute a major violation of the assumptions necessary for a
parent—offspring regression (Nyquist, 1991). Plotswere3mlong
and were planted on raised, shaped beds 1.5 m apart (center to
center) separated at each end by 3 m aleys. Guard rows of
susceptible ‘Wisconsin SMR 18’ surrounded offspring tests.
Standard cultural practices were used for crop production in
parent and offspring plantings (Hughes et al., 1983).

Offspring plots were half-sib families, with five plants per
plot. Families (144) were divided into nine sets of 16 families
each. Families were randomized within replications (two), and
replications within sets, for each environment and population.
Plant spacing between rows (1.5 m) wasthe samefor parentsand
offspring; but within-row spacing wasgreater for parents (60 cm)
compared to within-plot spacing for offspring (30 cm). In all
plantings, individual plantswere rated 3 weeks after inoculation
for foliar and stem lesions using a linear 0 to 9 scale (0 = no
symptoms and 9 = 100% necrosis) indicating the average degree
of necrosis on all leaves, or the average degree of necrosis,
cankers, and exudates on all stems. Each increase of the scaleis
equal to approximately 11.1% more necrotic area. Each parent
plant was rated individually and the first three plants of each
offspring plot were rated individually for atotal of 12 offspring
per half-sib family (3 plants x 2 replications x 2 environments).

A simple nonweighted average based on the mean leaf and
stem rating for each plant was cal culated and used as athird trait
to determine if gain would increase by the use of this smple
index. The parent—offspring regression coefficient (bop) was
calculated using PROC REG of SAS (SAS Ingt., Inc., N.C.).
Analysisof variance(ANOV A) wasperformedfor | eaf, stem, and
average ratings for the half-sib analysis of offspring families
using PROC GLM of SAS. Variance components for the statis-
tical design were calculated usingthe TY PE=MIVQUEOQ option
in PROC VARCOMP of SAS. This method of variance compo-
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nent cal cul ation does not set negative variance componentsequal
to zero, a practice warned against by Dudley and Moll (1969).
Phenotypic correlations were calculated using PROC CORR of
SAS.

Theestimateof heritability by parent—offspringregressioncan
be influenced greatly by environments. Environmental variance
can cause a greater or lesser range of trait expression in the
offspring relative to the parents (Nyquist, 1991). In addition to
calculating the regression coefficients using actua ratings for
each trait, regression coefficients were also calculated using
standardized data as suggested by Frey and Horner (1957) to
adjust for apossiblebiasduetodifferingrangesof trait expression
over environments. For leaf and stem ratings, data on individual
plants were standardized to a mean of 4.5 and a sp of 1 using
PROC STANDARD of SAS.

Results

PARENT—OFFSPRING REGRESSION. The NCWBP populationwas
more susceptible than the NCESL1 population for leaf, stem, and
mean (combined) ratings (Table 1). Population means ranged
from5.6to 7.2 for |eaf ratingsover environmentsand from4.1to
5.2 for stem ratings. Average ratings were intermediate. For all
traits, resistance was greater in the spring for the NCWBP
population, but was greater inthefall for the NCESL population.

Heritability estimates in standardized units did not differ
appreciably from actual heritability estimates for any trait or
population (data not presented). Estimates of additive genetic
variation were 19% to 100% smaller in the NCESL1 population
compared with the NCWBP popul ation when pooled over envi-
ronments. Heritability estimatesranged from0.12t0 0.49for | eaf
rating, from —0.03 to 0.12 for stem rating, and from 0.05 to 0.28
for average rating when pooled over populations and environ-
ments. Negative heritability and variance estimates can be as-
sumed to be zero (Robinson et al., 1955), but should be reported
(Dudley and Moall, 1969). Heritability estimates based on pooled
offspring environments were intermediate to those based on
separate environments for all three traits and both populations.

Based on estimates from the parent—offspring regression,
genetic gain from selection was estimated for phenotypic recur-
rent selection (10%) after anthesis (Table 1). Estimates of gain
were usually greater in the NCWBP population and ranged from
0.07 to 0.37 rating scale units when averaged over populations.

HALF-siB FAMILY ANALYSIs. Heritability, genetic gain, and
variancesfor half-sib analysisin two environmentsare presented
in Table 2. Results from the ANOVA show significant differ-
ences (P = 0.0001) among families for leaf, stem, and average
ratings in both populations. Environments were different (P =
0.001) for all traitsin both popul ations, except for stemrating in
the NCWBP population. Environment by family interaction was
significant (P = 0.0001) for al traits in both populations.

Estimates of additive genetic variance were similar between
populationsfor leaf (0.50) and average (0.10) ratings, but additive
genetic variance for stem rating (0.27) in the NCESL population
was considerably larger than additive genetic variance for stem
rating (-0.16) in the NCWBP population. Environmental vari-
ance was usually the smallest component of variance; yet, envi-
ronment by additive interaction was one of the largest compo-
nents of variancein both popul ations. Within-plot error variance
was also relatively large in both populations.

Estimates of narrow-sense heritabilities for use in selecting
among half-sib familiesand among individual s (mass sel ection),
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Table 1. Means and estimates of heritability, additive variance, and gain from selection for leaf and stem resistance to gummy stem blight in two
cucumber popul ationsasdetermined by parent—offspring regression. Resi stancewasrated visually using a0 (no symptoms) to 9 (100% necrosis)
scale. Parents were tested in the Spring 1991 at Clayton, N.C. and offspring were tested in Spring and Fall of 1992 Clinton, N.C.

NCESL Popul ation” NCWBP Population®
StatisticY Spring Fall Pooled” Spring Fall Pooled”
Leaf rating
M 5.95 5.64 5.79 6.67 7.17 6.91
X, 8.50 8.17 7.67 8.50 9.00 8.42
X, 250 275 3.20 3.00 433 458
h? 0.15 0.12 0.14 0.14 0.49 0.32
o’ 0.47 0.37 044 0.23 0.82 0.54
GS 0.23 0.18 0.22 0.16 0.56 0.37
Stem rating
M 4.61 4.06 433 5.00 5.15 5.07
X, 7.50 7.50 7.00 7.50 8.33 6.83
X, 3.00 1.33 233 3.50 2.50 3.33
h? -0.01 -0.03 -0.02 -0.01 0.12 0.06
o’ -0.07 -0.19 -0.13 -0.03 0.48 0.22
GS 0.00 0.00 0.00 0.00 0.21 0.10
Mean (leaf and stem) rating
M 5.28 4.85 5.06 5.84 6.16 5.99
Xy 7.50 7.50 7.00 7.83 8.50 7.33
X, 3.33 212 3.05 3.50 3.50 412
h? 0.05 0.05 0.05 0.05 0.28 0.17
0%, 0.20 0.21 0.21 0.12 0.66 0.39
GS 0.09 0.09 0.09 0.07 0.37 0.22

ZElite slicer and wide-based pickle populations.
yStatistic: M = mean, X, = most resistant family, X

*Spring and fall data combined.

ranged from —0.32 to 0.23 among populations (Table 2). Esti-
mates of gain from selection were at least two times larger for
selection based on half-sib families compared to mass selection
inboth populationsfor all traits. Estimated gainfor leaf resistance
was larger than that for stem or average resistance in both
populations.

CORRELATIONS AMONG TRAITS. Correlations between leaf and
stem ratings, using data from the half-sib analysis, were low to
negative within both populations (Table 3). Genetic correlations
were usually lower than phenotypic correlations. Correlations
between leaf and average rating or between stem and average
rating were moderate to high.

= most susceptible family, h? = narrow-sense heritability, 02, = additive genetic variance, GS
= gain based on mass selectl on (10%) after antheas [(1. 75)(1/2)(02A)/0P]

Phenotypic correlations between leaf and stem ratings based
onindividual offspring plantsweresignificantly larger inthefall
(r =0.28 for NCES1 and r = 0.41 for NCWBP) compared with
spring ratings (r = 0.11 for NCESL and r = 0.22 for NCWBP).
Phenotypic correlations between leaf and stem ratingsfor parent
plants (r = 0.71 for NCES1 and r = 0.74 for NCWBP) were
significantly larger than those for offspring.

Discussion

Resistance to gummy stem blight is usually greater in the
spring (Wehner and Horton, 1992), as was true in this study for

Table2. Meansand estimates of heritability, variance, and gain from selection for leaf, stem, and mean (combined) resi stance to gummy stem blight
intwo cucumber popul ationstested by half-sib analysisin two environments. Resistance wasrated visually using a0 (no symptoms) to 9 (100%

necrosis) scale.

NCES1 popul ation? NCWBP popul ation®

StatisticY L eaf Stem Mean L eaf Stem Mean
M 5.80 4.33 5.06 6.94 5.08 6.01
0% 0.04 0.15 0.09 011 0.00 0.04
0%, 0.50 0.27 0.10 0.55 -0.16 011
th(HS) 0.18 011 0.06 0.23 -0.32 0.07
hZN(I) 0.17 0.09 0.06 0.22 -0.05 0.06

SHS) 0.32 0.20 0.11 041 0.00 0.13
Gq 0.15 0.08 0.05 0.19 0.00 0.05

ZElite slicer and wide-based pickle populations.

YStatistic: M = population mean, 02 = environmental variance, 02, = additive variance, h? HS)
=Gain (based on haIf -sibfamily selection (10%) by recombining remnant seed of selected families),

narrow-sense heritability of |nd|V|duals G
GS( = Gain (based on mass selection (10%) after anthesis).

= narrow-sense heritability of half-sibs, h? NGy

XNegatlve variances and heritabilities used in calculations and reported but assumed to be zero.
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Table 3. Genetic (above diagonal)* and phenotypic (below diagonal)¥ correlations between leaf, stem, and mean (combined) resistance to gummy
stem blight in two cucumber populations (NCES1 and NCWBP) tested by half-sib analysisin two environments.

NCESL population* NCWBP population
Trait L eaf Stem Mean L eaf Stem Mean
L eaf -0.35 0.70 NC¥ 1.16
Stem 0.27 0.43 0.37 NC
Average 0.81 0.78 0.84 0.81

“Genetic correlations calculated asrg; = 0

(0% % 6%;)°; where the genetic covariance component (o,

;) was estimated as (MS; — M S, )/

nre and the genetic variance componerllts (GCEGi and czej) were estimated as (MS; —MS,;)/nreand (MS;; - M Se.q)/nre, where nre arethe number

of plants per plot, replications, and environments, respectively.

YPhenotypic correlations calculated asr ;. = O‘H-/(O'ZH- x 02,)%5; where the phenotypic covariance component (Op j) was estimated asM S J./nre and

Bi

the phenotypic variance components (0 and OZP]-) were estimated as MS;/nre and M SFj/nre.

*Elite slicer and wide-based pickle populations.

YNC, genetic correlation not calculable due to negative genetic variance for stem.

the NCWBP population. It was therefore surprising to find that
resistance was greater in the fall for the NCES1 population.
Significant differences among families existed for all resistance
traits in both populations. Environments and environment by
family interactions were usually significant for all traitsin both
populations.

Heritability estimates were low to moderate (Table 1), and
were similar to realized heritabilitiesfor leaf resistance reported
by Wyszogrodzka et al. (1986). The range of values for gummy
stem blight ratings, and theestimatesof phenotypicvariancewere
usually similar for parents and offspring, and may explain why
standardized heritability estimateswere not appreciably different
from actual heritability estimates. Resistance in the NCWBP
popul ation wasinfluenced by the environment to agreater degree
than was the NCESL population, as indicated by the greater
difference in heritabilities from spring to fal for the NCWBP
population in the parent—offspring regression. Estimates of nar-
row-sense heritabilities for use in selecting among individuals
were usualy similar to those calculated by parent—offspring
regression for pooled environments.

Estimates of gain from selection were at | east two timeslarger
for selection based on half-sib families compared to mass selec-
tion for both populations and all traits. Estimates of gain can be
used to predict selection progressif it isassumed that genetic and
phenotypic variancesremain constant over many cyclesof selec-
tion (an unlikely but necessary assumption). In that case, threeto
fivecyclesof selectionwould berequiredto decreasethe NCES1
population mean for leaf rating by onerating scal e unit, and three
to four cycles of selection would be required to decrease the
NCWBP population mean for leaf rating by onerating scale unit,
based on half-sib family selection. Onerating scal e unit decrease
isequivalent toan 11% reductionin susceptibility. Gainwouldbe
even slower using mass selection because it does not control
environmental variation as well as other methods. Gain while
selecting for stem or average resistance would be slower than
selection for leaf resistance because of the lower heritability of
stem resistance. Gain in these populations would therefore be
moderate to slow; however, these populations were not devel-
oped specifically for disease resistance and have been selected
mainly for fruit yield, quality, and typefor seven to eight cycles.

A moderate amount of additive genetic variance existsin both
populationsfor gummy stem blight |eaf resistance, but estimates
for additive genetic variancefor stemresistanceindicated littleto
no additive genetic variance. Estimates of additive variance for
leaf resistance were consistent between the methods used to
estimate heritability and genetic variance (Tables 1 and 2).
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However, estimates of additive variance for stem resistance
varied between methods. Parent—offspring regression indicated
moderate additive variancefor stem rating in the NCWBP popu-
lation, but zero variancefor the NCES1 popul ation. Therankings
of additivevariancewere reversed when estimated using half-sib
analysis. The higher estimate in the NCWBP population by
parent—offspring regression was due to alarge additive variance
during the fall.

Asexpected, given the narrow genetic background of NCES1
and the very broad genetic makeup of the NCWBP population,
estimates of additive genetic variancewere usually smaller inthe
NCESL1 population. However, when estimated using half-sib
analysis, additive variance for stem resistance was larger in
NCES1, compared with the NCWBP population. Gain from
selection for leaf resistance to gummy stem blight in both popu-
lationsis predicted to be moderate, but gain for stem resistance,
or for average leaf and stem resistance, will likely be slow.

It would be desirableto improve populationsfor both leaf and
stem resistance simultaneously. Therewasno advantageinusing
an average rating or index compared with either leaf or stem
ratings alone. Gain and heritabilities for the average were inter-
mediate between |eaf and stem ratings. Also, phenotypic correla-
tions between leaf and stem ratingswerelow (r = 0.27 and 0.37),
and the genetic correlation between leaf and stem ratings was
negative for NCES1 and not calculable for the NCWBP popula-
tion. Low correlations between traits could indicate that multiple
genes conferring leaf and stem resistance are, at least to some
degree, independent, and have not been subjected to simultaneous
sdlection pressure, aswasthe casefor these populationsprior tothis
study. Pleiotropic effects, in which asingle gene affectsboth traits,
alsoimpact correlations between traits. Thereisno direct evidence
however, that agiven genewould both increase leef resistance and
decrease stem resistance, or vice versa, in this pathosystem. Nega-
tive correlaionsfor thetwo resistancetraitsin NCESL indicate that
gain for both traits selected simultaneously may be dlow. Develop-
ment of populations specificaly for greater initia resistance and
greater additivevariancethanfoundinthese populationsshould aid
in selection for resistance. Populationswith increased resistance to
gummy stem blight could be formed by intercrossing the more
resistant cultigens reported by Wyszogrodzka et al. (1986) and
Wehner and St. Amand (1993). Breeding methodol ogies that con-
trol environmental variation well, such as the use of family
selectionor progeny testing, will improvetherateof gainfor these
traits because of the relatively large environmenta variance
associated with both leaf and stem ratings of resistanceto gummy
stem blight.
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