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ABSTRACT
Spotted wilt of peanut (Arachis hypogaea L.),

caused by the tomato spotted wilt virus (TSWV),
has progressively become more prevalent in the
Virginia-Carolina production area. Management
tactics for control of spotted wilt are limited.
Development of cultivars with moderate to high
levels of field resistance to TSWV is the most
promising means of managing the disease. Breed-
ing efficiency can be maximized by choosing
parents based on their potential to produce
superior progeny. Best linear unbiased prediction
(BLUP) is a method for estimating the breeding
value of a parent based on its own performance as
well as that of its relatives. The objective of this
study was to investigate the use of BLUP to
identify lines with superior ability to transmit
decreased TSWV field incidence to their progeny.
The data set used included 118 breeding lines, 12
cultivars and one hirsuta-type (A. hypogaea subsp.
hypogaea var. hirsuta Köhler) accession. Data on
TSWV incidence were obtained from trials repre-
senting three locations and six years and on
agronomic traits from trials at three locations
and 13 years. Because only estimates of broad-
sense heritability (H) were available, BLUPs were
computed using a range of estimates for narrow
sense heritability (h2). BLUP of breeding value for
TSWV incidence obtained with different estimates
of h2 were highly correlated (r . 0.85), indicating
that BLUPs are not critically affected by in-
accurate estimates of h2. Breeding values pre-
dicted by BLUP were moderately correlated (0.54
, r , 0.83) with line means estimated from a fixed-
effect model. Specific lines with favorable breed-
ing values for TSWV incidence included a set
of lines resistant to early leafspot (Cercospora
arachidicola Hori) and the hirsuta accession, PI
576636. BLUPs for yield, meat content, crop
value, and pod brightness also were calculated. Six
different weighting schemes were used for index
selection in order to pick lines with superior
breeding values for a combination of all traits
analyzed. Thirteen lines were selected with four or
more of the six weighting schemes, suggesting that
these lines should be able to transmit to their
progenies not only reduced TSWV incidence, but
also increased yields and improved quality traits.
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Spotted wilt of peanut (Arachis hypogaea L.),
caused by the tomato spotted wilt virus (TSWV), is
currently one of the major factors limiting peanut
yield in the U.S. In the Virginia-Carolina growing
region, spotted wilt has gradually increased in
severity since the mid 1990s. Incidence and damage
of the disease in peanuts was the highest in both
states during 2002 (Hurt et al., 2003).

Symptoms of spotted wilt in peanut are variable
and include moderate to severe stunting, appear-
ance of elaborate concentric ring spots on in-
dividual leaflets, bud and leaf necrosis, and even
plant death (Ghanekar et al., 1979; Halliwell and
Philley, 1974). The first symptoms of the virus
usually appear a few weeks after planting, and
newly symptomatic plants emerge thereafter for the
remainder of the growing season. The growth stage
at which the plant is infected determines the degree
of yield reduction (Culbreath et al., 1992). Plants
infected early in the season are the most affected,
showing severe stunting and producing very few or
no seed. However, reductions in both quantity and
quality of pods and seed are also observed in plants
infected at later growth stages (Culbreath et al.,
1992).

TSWV is vectored in nature by several species of
thrips (Thysanoptera) (German et al., 1992). The
virus is acquired by immature thrips feeding on
infected host plants and subsequent transmission
takes place primarily through feeding activities of
adults. TSWV has the ability to replicate within the
vector, allowing it to transmit the virus for long
periods of time. Therefore, viruliferous adult thrips
are capable of infecting many plants (Ullman et al.,
1993). Even though TSWV is vectored only by
thrips, control of thrips with insecticide applica-
tions has proved ineffective in reducing the in-
cidence of spotted wilt (Todd et al., 1994). There
are few effective cultural and chemical practices for
management of the disease (Culbreath et al., 1994).
Although several factors have been shown to
provide some suppression of disease, no single
measure by itself has been effective under heavy
disease pressure. Among all known factors that can
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be manipulated to reduce the risk of spotted wilt
(including peanut cultivar, planting date, plant
population, in-furrow insecticide application, and
tillage practices), cultivar selection appears to have
the most potential for minimizing the risk of losses
to spotted wilt (Culbreath et al., 1999, 2000; Hurt
et al., 2003). Although they vary in degree of
susceptibility, none of the virginia-type cultivars
released to date have a high level of field resistance,
and they may suffer significant damage under
intense epidemics. Cultivars with higher levels of
resistance would be of great benefit across the
Virginia-Carolina growing region. Moreover, culti-
vars are needed that combine TSWV resistance
with good yield and quality.

Historically, plant breeders have been faced with
the problem of selecting parents for the develop-
ment of populations that have both high expected
mean performance, and genetic variation for
desirable traits. Identification of parental combina-
tions that meet those two criteria increases the
probability of recovering superior genotypes for
cultivar development. The conventional method of
selecting parents is based on their own perfor-
mance. Observed performances are then used to
calculate midparent values (MPV), or the mean of
the parental means, to predict cross combination
means. This method of parental selection poses
some obvious disadvantages such as performance
estimate biases when not all genotypes are evalu-
ated or when data is missing in some environments
(Panter and Allen, 1995b). Moreover, the efficiency
of phenotypic selection in discriminating among
superior individuals is reduced as the heritability
decreases, and becomes very inefficient for traits
with low heritability values (Falconer, 1989).
Furthermore, performance testing of new genetic
material is one of the most important and also most
expensive aspects of plant breeding programs.
Selecting superior lines is usually accomplished by
testing a large group of lines across several
locations and years. Statistical methods that
maximize the accuracy of the estimate of perfor-
mance of a line from fewer environments would be
extremely useful for plant breeders (Panter and
Allen, 1995b).

Henderson (1975) described the use of a mixed
model to calculate the best linear unbiased
predictors (BLUPs) of breeding values of potential
parents based on observed data and the known
variance-covariance structure among fixed and
random effects. Genetic effects are considered to
be random in the model while environmental
effects are considered to be fixed. Henderson’s
method uses the degree of genetic relationship
among individuals to determine the genetic struc-

ture of the population, and assumes that correla-
tion between data on different individuals is caused
only by additive genetic effects (Henderson, 1975).
By using genetic relationships among individuals,
related individuals contribute to the predicted
values for one another. Information from relatives
can contribute to the predicted breeding value for
an individual for which there is little or no data.
Moreover, the magnitude of that contribution is
dependent on the degree of relationship between
the two individuals (Panter and Allen, 1995a).

The BLUP procedure could be widely applicable
in crop breeding programs because no additional
experiments are required for obtaining the predic-
tions. Instead, they are made from data that is
routinely generated in a breeder’s testing program,
including performance data and estimates of
genetic relationship among lines (Bernardo,
1996b). Best linear unbiased prediction has been
widely used in livestock breeding (Henderson,
1975) and to a lesser degree, in forest tree breeding
(White and Hodge, 1988). Among crop species,
BLUPs have been used to estimate breeding values
to identify superior cross combinations in maize
(Bernardo, 1994, 1995, 1996a, b, c), soybean
(Panter and Allen, 1995a, b), peach (de Souza et
al., 1998a, b, 2000), sugarcane (Chang and Milli-
gan, 1992), peanut (Pattee et al., 2001), and oil
palm (Purba et al., 2001). The main goal of this
study was to explore the use of the BLUP method
for selection of lines with superior ability to
transfer decreased TSWV incidence in combination
with five other important agronomic and quality
traits in peanut.

Materials and Methods
Experimental Materials. The material analyzed

included 118 breeding lines from the N. C. State
Univ. peanut breeding program, 12 virginia-type
cultivars and one var. hirsuta (A. hypogaea subsp.
hypogaea var. hirsuta Köhler) accession. Plants
were grown and harvested using recommended
procedures for peanut production in North Car-
olina. TSWV trials were conducted using wide
plant spacing (25–51 cm between seeds) and no
insecticide.

Evaluations. Spotted wilt was evaluated using
a disease incidence rating where the number of
severely stunted, chlorotic, wilted or dead plants was
counted in each plot two times during the growing
season. That number was then converted to
a percentage of the total number of plants per plot.
For TSWV incidence, genotypes were evaluated over
18 tests in 7 year-by-location combinations. Not all
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genotypes were included in all tests, so replication
ranged from 1 to 15 tests with a mean of 3.

Data on yield (lb A21), meat content (% of
kernels from 500 g of clean unshelled pods), extra
large kernels (% of extra large kernels, i.e. seeds that
ride a 8.4 3 19.0 mm slotted screen, based on the
2002 federal grade sheet for virginia-type peanuts,
from 500 g of clean unshelled pods), pod brightness
(Hunter L scale), and crop value ($ A21) were
compiled. These data consisted of the lines’ means
from each test in which the line occurred. Because
some lines had been tested for yield and quality
more extensively than others, there was a wide range
in the number of records for each line. In total,
genotypes were evaluated for yield and quality over
84 tests in 30 year-by-location combinations.

Statistical Analysis. The mixed model pro-
cedure (PROC MIXED) in SAS (SAS Institute,
2001b) was used for the analysis of the unbalanced
data set to calculate means for genotypes adjusted
to a common environmental effect. The following
additive genetic mixed model was used to predict
the additive genetic effect for each individual:

Y ~ m z Xb z Za z e ðEq:1Þ

Where,

Y is a vector of observations,
b is a vector of fixed effects,
a is a vector of additive genetic effects,
e is a vector of error terms, and

X and Z are incidence matrices that associate
specific effects with individual observations.

The variance-covariance matrix for the random
effects and error terms is

Var
a

e
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~
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� �
s2 ðEq:2Þ

where a 5 Gs2 is the additive variance–covariance
matrix for the lines. G can be calculated as 2Ch2/(1-
h2), where C is the matrix of coancestries among
lines and h2 is the narrow sense heritability of the
trait (Pattee et al., 2001). Genetic relationships
among parents and progeny are expressed in terms
of Malécot’s (1948) coefficient of coancestry (h),
which is the probability that, at a given locus, two
lines have alleles that are identical by descent, i.e.,
they are mitotic/meiotic copies of the same
ancestral allele. Coefficients of coancestry were
calculated using pedigree information on the lines
obtained from published records and from personal
communications with individual breeders. Rules
for calculation of coancestry are well known

(Falconer, 1989). Coancestries among inbred lines
derived from the same cross were calculated
following the modifications described by Cocker-
ham (1983). Lines that could be traced to different
F2 plants were considered to have the same degree
of relatedness as full sibs. However, lines tracing to
the same F3 (or later generation) plant were
considered to be more closely related than full sibs.
When no information was available on the
commonality of two lines derived from the same
cross, it was assumed that the lines traced to
different F2 selections. Because peanut is a highly
self-pollinated species and most cultivars are highly
homozygous inbred lines, it was assumed that each
cultivar, line or introduction in the breeding
population had an inbreeding coefficient (F) of 1.

The standard BLUP solutions were obtained
from the following equation

b̂b

âa

" #
~
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" #{1
X 0R{1Y
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" #
ðEq:3Þ

The interactive matrix language procedure (PROC
IML) in SAS (SAS Institute, 2001a) was used to
perform all calculations to compute BLUP esti-
mates.

Heritability Estimates. Narrow-sense heritabil-
ity (h2) estimates were not available for the overall
breeding population for any of the six traits
studied. However, it is known from quantitative
genetics theory that the broad-sense heritability is
the upper limit for the narrow-sense heritability.
Estimates of broad-sense heritability (H) were
calculated based on variance estimates obtained
by restricted maximum likelihood estimation using
PROC MIXED in SAS (SAS Institute, 2001b) and
considering genotypic, year, location, and interac-
tion effects to be random. BLUPs were calculated
for a range of values around our estimates of H to
assess the sensitivity of the method to inaccuracy in
the estimation of narrow-sense heritability.

Selection Schemes. To select lines with superior
breeding values for a combination of traits, in-
dependent culling and index selection were used as
selection methods. For independent culling, a thresh-
old value was chosen so that only the best 28-43% of
the lines would be selected for a particular trait. For
index selection, six different weighting schemes
based on assigned importance of disease resistance
vs. yield vs. agronomic and quality traits were
designed. Subsequently, BLUPs were scaled as

Iij ~
nij { nworst

� �
nbest { nworstð Þ ðEq:4Þ
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and the index was then calculated as the geometric
mean of the weighted variables

Ii ~ (Ii1)a Ii2ð Þb Ii3ð Þc Ii4ð Þd Ii5ð Þe Ii6ð Þf
n o 1

a z b z c z d z e z fðEq:5Þ

where a, b, c, d, e, and f are the weights to be
assigned to each trait.

Results and Discussion
Heritability Estimates and their Effect on

BLUP Values. The additive variance-covariance
matrix needed for BLUP estimation is based on
estimates of narrow-sense heritability (h2). Only
estimates of broad-sense heritability (H) were
available for the six traits analyzed in this study.
Only the additive variance is accounted for in h2,
while H reflects all genotypic variance. Given that
h2 must be less than or equal to H, BLUPs were
calculated for a range of values around our
estimates of H (Table 1). Subsequently, correla-
tions among BLUPs calculated with different

values of H were computed in order to investigate
the sensitivity of the technique to variation in the
heritability estimate. Correlations ranged from
high to extremely high depending on the trait
(r 5 0.85 for TSWV incidence, r . 0.90 for all
other traits). These results suggest that best linear
unbiased prediction is relatively insensitive to
inaccuracy in the estimation of narrow-sense
heritability. Therefore, broad-sense heritability
estimates can be used as substitutes without much
loss in the estimation precision when estimates of
narrow-sense heritability are not available (Pattee
et al., 2001).

Correlation between BLUP Values and Means.
The use of phenotypic values to select parents
should be effective in cases where the narrow-sense
heritability is high (Falconer, 1989). However, for
traits with low narrow-sense heritability values,
breeding values (BV) would give a better ranking of
the genetic value of the parents than would their
phenotypic values, and, therefore, selection effi-
ciency would be enhanced (de Souza et al., 2000).
In this study, meat content, extra large kernels

Table 1. Correlations among BLUPs of breeding values estimated with different heritability values, and between BLUPs of breeding

values and LS means for TSWV incidence, yield, meat content, extra large kernels, pod brightness and crop value.

TSWV Incidence Yield

H 0.01 0.05a 0.10 0.15 0.20 0.25 H 0.01 0.02 0.03 0.04 0.05 0.06

0.01 0.01

0.05 0.98 0.02 1.00

0.10 0.94 0.99 0.03 0.99 1.00

0.15 0.91 0.97 1.00 0.04 0.97 0.99 1.00

0.20 0.88 0.96 0.99 1.00 0.05 0.96 0.98 0.99 1.00

0.25 0.85 0.94 0.98 0.99 1.00 0.06 0.95 0.97 0.99 1.00 1.00

Mean 0.55 0.66 0.73 0.78 0.81 0.84 Mean 0.48 0.53 0.57 0.60 0.63 0.65

Meat Content (%)

H 0.10 0.20 0.30 0.40 0.50 0.60 H 0.10 0.20 0.30 0.42 0.50 0.60

0.10 0.10

0.20 0.99 0.20 0.99

0.30 0.97 1.00 0.30 0.97 1.00

0.40 0.95 0.99 1.00 0.42 0.95 0.98 1.00

0.50 0.93 0.97 0.99 1.00 0.50 0.94 0.98 0.99 1.00

0.60 0.91 0.96 0.98 0.99 1.00 0.60 0.92 0.96 0.98 1.00 1.00

Mean 0.81 0.88 0.91 0.94 0.96 0.97 Mean 0.86 0.91 0.94 0.96 0.97 0.98

Pod Brightness (Hunter L score) Crop Value ($ ha21)

H 0.05 0.10 0.15 0.18 0.25 0.30 H 0.01 0.02 0.03 0.04 0.05 0.06

0.05 0.01

0.10 0.99 0.02 1.00

0.15 0.98 1.00 0.03 0.99 1.00

0.18 0.97 0.99 1.00 0.04 0.98 0.99 1.00

0.25 0.96 0.99 1.00 1.00 0.05 0.96 0.98 0.99 1.00

0.30 0.95 0.98 0.99 1.00 1.00 0.06 0.95 0.98 0.99 1.00 1.00

Mean 0.84 0.89 0.92 0.93 0.94 0.95 Mean 0.53 0.57 0.60 0.63 0.65 0.68

aValues in bold indicate estimates of broad-sense heritability calculated based on variance estimates obtained by restricted

maximum likelihood estimation using PROC MIXED in SAS.
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Fig. 1. Best linear unbiased predictors (BLUPs) of breeding value for tomato spotted wilt virus (TSWV) incidence vs.: (A) least square means for TSWV
incidence, (B) BLUPs of breeding value for yield, (C) BLUPs of breeding value for meat content, (D) BLUPs of breeding value for extra large kernels
(ELK), (E) BLUPs of breeding value for pod brightness, and (F) BLUPs of breeding value for crop value, in Virginia-type peanuts.
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Table 2. Best linear unbiased predictors (BLUPs) of breeding values with standard errors for TSWV incidence, pod yield, meat content,

percent extra large kernels, pod brightness, and crop value.

Entry TSWV Pod yield Meat content

Extra large

kernels Pod brightness Crop value

% lb/A % % Hunter L $/A

N91003E +3.8060.14** +24655 +1.560.4** +6.661.3** +0.3460.26 +131625**

N92025 +4.9860.14** +57656 +0.960.4{ +1.361.4 +0.1660.28 +122626**

N96029 +3.7160.14** 254656 +2.260.5** +4.061.5** +0.1660.30 +38627

N97068 +2.0160.14** 211657 +0.960.5{ +5.861.6** +0.5660.32{ +29627

N97085 +2.9360.13** +90654{ +1.160.4* +7.261.4** +0.4260.28 +166625**

N98001 +4.2960.13** +44654 +2.260.4** +4.361.4** +1.5660.28** +115625**

N98002 +4.2860.13** +45654 +2.360.4** +4.661.4** +1.5860.28** +117625**

N98003 +4.2960.13** +44654 +2.360.4** +4.661.4** +1.5760.28** +116625**

N98022 +4.4460.13** +49654 +1.360.4** 22.061.4 +0.9360.28** +99625**

N98023 +4.4460.13** +49654 +1.360.4** 21.961.4 +1.0060.28** +100625**

N98028 +5.6960.13** +13657 +2.060.5** +1.261.6 +1.2860.32** +67627*

N98032 +5.1060.14** 225657 +0.660.5 21.661.5 +0.6660.31* +9628

N98033 +4.9960.13** +28658 +1.260.6* +0.261.8 +0.6160.35{ +80628**

N99051 +2.3260.15** +30664 20.760.6 25.461.7** +0.0760.37 +31632

N99073 +5.1860.14** 221658 +1.160.5* +4.361.7* +0.4960.34 +34628

N00001 +0.5860.15** +38665 +0.260.6 +4.161.9* 20.4660.40 +64633*

N00033 +3.6260.13** +58655 +1.360.5* +7.261.6** +0.8360.32* +119627**

N00049 +6.4360.13** +69655 +1.960.5** +3.361.6* +0.8060.29** +151626**

N00052 +6.4560.13** +67654 +2.060.5** +2.961.5{ +0.7760.29** +147625**

N00053 +6.4360.13** +66654 +1.960.5** +2.661.5{ +0.8060.29** +144625**

N00054 +6.4560.13** +68654 +1.860.5** +2.461.5 +0.7660.29** +147625**

N00055 +6.4660.13** +69654 +1.960.5** +2.561.5 +0.7860.29** +149625**

N00058 +6.4060.13** +63655 +1.960.5** +2.261.6 +0.8860.29** +139626**

N00060 +6.4960.13** +68654 +2.060.4** +2.261.5 +0.7960.28** +150625**

N00061 +6.4960.13** +69654 +2.060.4** +2.061.5 +0.7860.28** +151625**

N00062 +6.4960.13** +67654 +2.060.4** +2.361.5 +0.8060.28** +148625**

N00064 +4.5860.14** +2659 +0.460.5 +4.561.7** +0.7860.34* +61629*

N99100ol +6.5360.13** +29655 +0.660.5 25.861.6** +1.2560.31** +34626

N99103ol +6.4260.13** +23655 +1.160.5* 25.761.6** +1.3560.31** +30626

N99109ol +5.1060.14** 2118657* +0.960.5{ 217.061.6** +0.6760.32* 2128627**

N99113ol +5.0460.14** 2123657* +0.160.5 215.761.6** +0.9760.32** 2147627**

N00087ol +2.8960.13** 2108654* +0.860.5{ 29.761.5** +0.1260.28 271625**

N00088ol +2.6360.13** 298654{ +1.360.4** 22.661.5{ 20.2560.28 244625{

N00089ol +2.6260.13** 2104654{ +1.060.4* 20.861.5 20.2060.28 256625*

N00090ol +1.9860.12** +0649 +2.260.4** +8.761.4** +0.0660.25 +101622’’

N00091ol +1.9960.12** 21649 +2.360.4** +8.961.4** +0.0360.25 +98622**

N00095ol +5.8760.13** +47653 +2.060.5** +4.461.5** +0.3060.28 +118624*’

N00098ol +2.4660.13** +83652 +1.060.4* +5.561.5** +0.3760.28 +137624**

N00099ol +2.4560.13** +82652 +0.760.4 +6.061.5** +0.4060.27 +131624**

N00102ol +3.3660.14** 2230659** +1.760.5** 25.161.7** +0.1860.33 2224629**

N97053J +2.3060.15** 2105661{ 21.660.5** +6.361.7** 21.1960.33** 2114630**

N99066J +2.8360.14** +8658 +0.660.5 +5.361.8** +0.1860.35 +58628*

N99067J +4.0360.13** +50655 +1.760.5** +4.361.7* +0.5360.33 +107627**

N99068J +4.0760.14** 250659 +0.660.6 +5.761.9** +0.2160.36 +6629

N99079J +5.1660.14** 220658 +1.160.5* +4.161.7* +0.4960.34 +34628

N99080J +5.1760.14** 219658 +1.060.5{ +3.961.7* +0.5160.34 +35628

N99085J +3.0860.14** +28657 +0.360.5 +5.861.6** +0.5160.33 +85628**

N00002J +0.4960.15** +45665 +0.760.7 +6.962.0** 20.3960.42 +89633**

N00034J +3.5860.13** +60656 +0.760.5 +3.161.8{ +0.7660.33* +114627**

N00035J +3.5360.13** +55656 +0.760.5 +5.461.8** +0.8660.33* +110627**

N00065J +5.7360.14** +27657 +1.160.6{ +3.061.9 +0.8160.36* +80628**

N99057F +2.2560.15** +51664 21.860.6** -6.761.7** +0.6760.37{ +40632

N92054C +2.3460.14** 279658 +1.160.5* +2.161.4 20.2560.29 245627{

N94040C +1.3860.14** 259665 20.660.8 21.362.7 +0.1660.48 266634{

N95025C +4.1360.14** +87658 +1.460.5** +1.061.5 +0.6160.31* +157628**
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Entry TSWV Pod yield Meat content

Extra large

kernels Pod brightness Crop value

N96006C +5.0760.14** 212658 +1.860.5** 20.961.5 +0.6160.30* +44628

N96009C +6.0060.13** 22655 +2.560.5** 28.761.4** +0.3460.29 +45626{

N97122C +5.5260.14** 22658 +1.260.5* +1.561.5 +1.0260.31** +33628

N97129C +6.5460.14** +13658 +1.960.5** +1.661.5 +0.9360.31** +59628*

N97131C +4.5660.14** 220659 +0.860.5 +2.661.6 +0.3260.34 +14629

N97135C +5.2260.13** +16655 +1.960.5** 21.761.5 +0.3260.29 +86626**

N97137C +5.1860.13** +9656 +2.160.5** 21.261.5 +0.2360.30 +79626**

N97138C +5.3760.13** +23656 +2.760.5** 22.461.5 +0.4760.30 +114627**

N97140C +4.8460.13** +29656 +2.960.5** +0.761.4 +0.2960.29 +135626**

N97142C +4.9160.13** +24656 +2.960.5** +2.461.4{ +0.4160.29 +128626**

N98048CSm +3.5860.14** 216661 +1.860.5** -9.361.6** +0.1760.35 +35630

N98052C +3.6260.14** 28663 +1.860.6** 20.062.0 20.0760.41 +51632

N99121CSm +1.1460.15** +42662 +1.460.6* +2.161.8 20.4360.37 +52631{

N99122CSm +1.2960.15** +83662 +0.960.6 +6.561.8** 20.6460.37{ +82631**

N99128CSm +2.4960.14** +39660 +0.460.5 23.161.7{ +0.5160.34 +27629

N99129CSm +4.3560.14** +21657 +2.260.5** +7.361.6** +0.3960.31 +108627**

N99130CSm +4.3160.14** +17657 +2.160.5** +8.561.7** +0.3660.33 +98628**

N99131CSm +0.2360.15 +61664 20.560.7 +1.662.2 -0.6860.42 +33633

N99132CSm +0.9360.15** +68664 20.160.7 +3.862.3 20.5760.44 +49633

N99133CSm +0.0160.15 +78663 +0.860.6 +10.061.8** 20.4860.38 +80631*

N99137CSm +2.2560.14** 227661 +0.260.6 +2.861.7 20.0760.35 220630

N99138CSm +2.1860.14** 222661 +0.260.6 +4.761.7** 20.2460.35 211630

N00076CSm +2.8560.14** +13662 +0.660.7 +2.562.3 +0.2860.42 +29631

N00077CSm +2.2560.15** 233663 +0.860.7 +4.262.2{ 20.2360.42 213632

N92066L +3.0760.14** +70657 +0.860.4{ 22.561.4{ 20.7360.28* +52627{

N92068L 20.3360.14* +81656 20.860.4{ 28.961.4** 21.2760.28** +30626

N93003L 20.6760.13** +136653* 21.660.4** 21.861.3 21.2460.26** +64624**

N93007L 20.8860.13** +149654** 22.460.4** 23.061.4* 21.0960.28** +61625*

N94015L +2.7560.14** +142659* 22.360.5** 22.961.4* 21.1760.30** +83628**

N96074L 20.0460.14 252658 20.260.5 210.361.4** 21.3960.29** 259627*

N96076L 20.6360.14** 266658 +0.460.5 23.861.4** 21.4160.29** 271627**

N97104L +0.7160.14** +50660 20.760.5 +3.061.6{ 20.6060.34{ +69629*

N97106L +1.5160.14** 247663 +0.460.6 20.761.8 20.6660.38{ 255631{

N97109L +1.4760.14** +21661 +0.160.5 23.861.6* +0.1860.33 +34630

N99027L 21.3860.15** +61662 20.160.7 +6.962.1** +0.1160.42 +89632**

N99034L +2.0560.15** +52664 20.360.7 24.262.2{ 20.3060.43 +22633

N00009L 20.2860.15{ +54664 21.860.6** 28.862.1** 21.1260.41** +4633

N00010L 20.3560.15* +58664 21.960.6** 28.762.0** 21.0660.41** +10632

N00011L 20.3360.15* +57664 21.960.6** 28.962.0** 21.0960.41** +8632

N00012L 20.2360.15 +58665 21.460.7{ 24.162.4{ 21.1160.45* +18634

N00019L +1.7960.15** 212665 20.260.7 26.862.4** 20.1960.46 +5634

N00020L +2.3860.15** 230665 20.960.7 210.862.4** 20.1960.46 230634

N00022L 20.2760.15{ +63664 20.560.7 +3.362.3 20.4260.44 +30633

N00023L 20.1860.15 +60664 21.560.7* 28.462.1** 20.6660.42 +14632

N00024L 20.1560.15 +60664 21.560.7* 28.462.1** 20.6560.42 +15632

N97064NT 21.2860.14** +50662 21.360.6* +2.361.9 20.8760.38* +8631

N01001T +0.5860.14** +52659 +0.460.6 +2.662.2 +0.2760.39 +86629

N01002T +1.1760.14** +52659 +0.460.6 +2.662.2 +0.2760.39 +86629**

N01003T +1.4760.14** +52659 +0.460.6 +2.162.0 +0.2560.38 +85629**

N01004T +1.3860.14** +52659 +0.460.6 +2.062.0 +0.2460.38 +84629**

N01005T +1.4460.14** +52659 +0.460.6 +2.062.0 +0.2460.38 +84629**

N01006T +1.5660.14** +52659 +0.460.6 +2.662.2 +0.2760.39 +86629**

N01007T +1.8660.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01008T +1.8460.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01009T +1.3660.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01010T +1.3460.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

Table 2. Continued
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(ELK), and pod brightness had moderate broad-
sense heritabilities of 0.20, 0.42, and 0.18, re-
spectively. The predicted BVs of these three traits
were well correlated (0.88, 0.96, and 0.93, re-
spectively) with observed phenotypic values (Ta-
ble 1). On the other hand, TSWV incidence, yield,
and crop value, had very low broad-sense herit-
abilities (0.05, 0.02, and 0.05, respectively) and
showed poor correlations between predicted BVs
and observed phenotypic values (0.66, 0.53, and
0.65, respectively). For TSWV incidence, the plot
of predicted BVs vs. means supports the low
correlation between these parameters (Fig. 1A).
Therefore, TSWV seems to be an ideally suited trait
for parental selection based on BLUP estimation of
BVs.

Variation of BLUP Values. Best linear un-
biased prediction was used to predict BVs of
parents for TSWV incidence, yield, meat content,

ELK, pod brightness, and crop value (Table 2).
The predicted BV ranged from –6.29 to +8.04% for
TSWV incidence, 2262 to +142 lb A21 for yield,
22.4 to +3.0% for meat content, 220.8 to +10.0%
for ELK, 21.4 to +1.6 Hunter L units for pod
brightness, and –272 to +166 $ A21 for crop value
(Table 3). Predicted BVs suggest that not only is
there genetic potential to develop lines with in-
creased field resistance to spotted wilt, but also that
agronomic and quality traits can be improved.

Based on the BLUPs, several lines had superior
(negative) BVs for TSWV incidence. A group of
lines from our leafspot resistance breeding program
had negative BVs for TSWV incidence, indicating
that progenies from these lines would have reduced
incidence of spotted wilt. Of the cultivars included
in this study, none had negative BVs for TSWV
incidence. Georgia Green and Wilson had the lowest
positive values. Hirsuta accession PI 576636, a geno-

Entry TSWV Pod yield Meat content

Extra large

kernels Pod brightness Crop value

N01011T +1.4060.14** +53659 +0.560.6 +3.862.2{ +0.3160.40 +90630**

N01012T +1.5960.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01013T +1.5660.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01014T +0.3460.14* +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01015T +0.4460.14** +53659 +0.560.6 +3.262.1 +0.2960.39 +88630**

N01016T +1.8360.14** +53659 +0.560.6 +3.862.2{ +0.3160.40 +90630**

N01017T +3.5760.15** +10663 +0.860.7 20.162.5 +0.3260.45 +41632

NC 7 +2.0260.12** 22647 +2.460.4** +8.361.2** +0.0260.22 +99621**

NC 9 +8.0460.12** +29649 +0.360.4 27.061.2** +1.0060.23** +18622

NC 10C +5.6560.13** 2149653** 20.860.4* 220.861.3** +0.9060.25** 2188624**

NC2V 11 +2.9560.13** 2109653* +0.960.4* 28.061.3** +0.1960.25 268624**

NC 12C +5.7160.12** +58651 +2.460.4** +4.461.2** +0.3360.23 +146623**

Gregory +1.9360.12** +90650{ +1.260.4** +7.961.2** +0.2360.23 +154622**

Perry +4.7760.12** 227653 +2.260.4** 22.161.3 +0.3460.25 +45624{

VA2C 92R +2.7460.13** 2107652* +1.360.4** 22.461.2{ 20.2360.24 254623*

VA 93B +3.5260.14** 2262658** +1.260.5* 24.761.5** +0.5160.30{ 2272628**

VA 98R +2.7760.14** 2246658** +1.760.5** 25.861.4** +0.4060.29 2237627**

Wilson +1.1760.16** 29664 20.560.6 27.861.8** +1.2260.39** 222632

Georgia Green +0.7160.14** 255666 +0.160.8 215.862.7** +0.1660.49 273635*

PI 576636 26.2960.13** +0667 +0.060.8 +0.062.7 +0.0060.51 +063

{, *, **Denote significance at the 10%, 5%, and 1% levels of probability, respectively, by t-test.

Table 2. Continued

Table 3. Summary statistics for BLUPs of breeding value for TSWV incidence, yield, meat content, extra large kernels, pod brightness,

and crop value at their estimated heritabilities.

TSWV

h250.05

Yield

h250.02

Meat content

h250.20

Extra large kernels

h250.42

Pod brightness

h250.18

Crop value

h250.05

% lb/A % % Hunter L $/A

Mean 2.92 15.96 0.73 0.22 0.20 47.48

Minimum 26.29 2261.64 22.42 220.79 21.41 2272.43

Maximum 8.04 148.60 2.95 10.00 1.58 165.75

Range 14.33 410.24 5.37 30.79 2.98 438.17

Std. dev. 2.31 68.11 1.16 5.79 0.65 81.43
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type with excellent field resistance to TSWV that
was used as a resistant check in all tests, had the
lowest BV for TSWV incidence among all genotypes
analyzed. However, BVs for this accession might
not be accurate due to its complete lack of genetic
relationship to any other line in the data set.

For each agronomic and quality trait, several
lines possessed an extremely high BV. However, no
single line had the best BV for all the traits
combined. Predicted BVs for TSWV incidence
were plotted against those for yield to select lines
that would combine negative BVs for TSWV
incidence and positive BV for yield (Fig. 1B). A
set of lines with resistance to leafspot and TSWV
was found to possess superior BVs for both traits.
An important point to highlight is how the BVs for
cultivar Gregory for these two traits compare to
those of other cultivars. Although its BV for TSWV
incidence is slightly inferior to that of resistant
cultivar Georgia Green, its BV for yield is
considerably higher than that of any other cultivar.

Plots of predicted BVs for meat content and pod
brightness against those for TSWV incidence
indicate that only two lines, N96076L and
N99133CSm, combine desirable BVs for meat
content and TSWV incidence (Fig. 1C); and only
one line, N99027L, combines desirable BVs for pod
brightness and TSWV incidence (Fig. 1E). Several

lines combined negative BVs for TSWV incidence
and positive BVs for ELK and crop value
(Figs. 1D and 1F).

Independent Culling. To select lines that would
combine superior BVs for all traits analyzed,
threshold values were selected that would pick the
top 28243% percent of the lines (top 28% for
TSWV, top 41% for yield, top 43% for meat
content, top 38% for ELK, top 35% for pod
brightness, and top 28% for crop value). Sub-
sequently, lines that had been picked for TSWV
incidence, yield, and at least one of the four other
traits were selected. Ten lines were selected in-
cluding three (N99122CSm, N99132CSm, and
N99133CSm) belonging to the Sclerotinia blight-
CBR resistance breeding program, two (N99027L,
and N00022L) to the early leafspot resistance
breeding program, and five (N01009T, N01010T,
N01011T, N01014T, and N01015T) to the TSWV
resistance breeding program. These lines should
transmit to their progenies not only reduced TSWV
incidence, but also increased yields and improved
quality traits.

Index selection. Weights of the different index
selection schemes were based on assigned impor-
tance of disease resistance vs. yield vs. agronomic
and quality traits (Table 4). The first scheme
considered all traits to be equally important.
Schemes II and VI emphasized TSWV and yield.
Schemes III and V were reciprocal: III emphasized
agronomic and quality traits, while V emphasized
disease resistance. Scheme IV gave more impor-
tance to yield than to any of the other traits. Lines
were ranked based on their index values. Sub-
sequently, lines that had been ranked among the
top 18 with at least four of the six weighting
schemes were selected. Index values obtained using
different weighting schemes were highly correlated
(0.78 , r , 0.97) with the exception of schemes II
and III (r 5 0.68) and V and III (r 5 0.61)
(Table 6). Rank correlations were also found to be
high (Table 5).

Table 4. Weighting schemes utilized for index selection.

Assigned weights were based on given importance of

disease resistance vs. yield vs. quality traits.

Scheme TSWVa Yield

Meat

content

Extra large

kernels

Pod

brightness

Crop

value

I 1 1 1 1 1 1

II 5 5 1 1 1 1

III 1 5 5 5 5 5

IV 1 5 1 1 1 1

V 5 1 1 1 1 1

VI 2 3 1 1 1 1

aTSWV 5 tomato spotted wilt virus.

Table 5. Correlations and rank correlations among weighting schemes used to select lines with superior breeding values for TSWV

incidence in combination with agronomic traits.

Weighting Scheme I II III IV V VI

Correlation

I 1.00(1.00)a 0.82(0.72) 0.97(0.86) 0.95(0.93) 0.78(0.70) 0.96(0.94)

II 0.82(0.72) 1.00(1.00) 0.68(0.34) 0.87(0.72) 0.96(0.96) 0.94(0.88)

III 0.97(0.86) 0.68(0.34) 1.00(1.00) 0.92(0.84) 0.61(0.29) 0.88(0.70)

IV 0.95(0.93) 0.87(0.72) 0.92(0.84) 1.00(1.00) 0.76(0.63) 0.97(0.93)

V 0.78(0.70) 0.96(0.96) 0.61(0.29) 0.76(0.63) 1.00(1.00) 0.88(0.84)

VI 0.96(0.94) 0.94(0.88) 0.88(0.70) 0.97(0.93) 0.88(0.84) 1.00(1.00)

arank correlations are indicated in parenthesis.
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Thirteen lines were selected under each of four
weighting schemes: N97085, N00033, N00090ol,
N00091ol, N00098ol, N00099ol, N99133CSm,
N99027L, N01001T, N01011T, N01014T, N01015T
and Gregory. Of these, eight were selected under
five weighting schemes and only one under all six
schemes (Table 6). High oleic lines N00090ol,
N00091ol, N00098ol, and N00099ol had excellent
BVs for meat content and ELK. Moreover,
N00098ol and N00099ol also had extremely high
BVs for crop value. Although their BVs for TSWV
incidence were positive, they were not large
(Table 2). Likewise, TSWV lines N01001T,
N01011T, N01014T, and N01015T had moderate
positive BVs for TSWV incidence and good BVs
for crop value. Leafspot line N99027L and CBR
line N99133CSm had highly desirable BVs for
TSWV incidence, but their BVs for agronomic and
quality traits were not very high. Therefore, it
would be valuable to utilize lines from the first set
in crosses with lines from the second one to
develop progenies that combine superior values for
all traits. In doing so it is important to consider the
degree of relationship between the lines to be
crossed in order to have enough genetic variability
in hybrid populations to allow additional improve-
ment. Coefficients of coancestry among selected
lines were examined in order to assess the amount
of variability present among these genotypes
(Table 6). Although some of the selected lines are
closely related, enough variability remains within
the group so as to continue genetic progress.

Surprisingly, none of the cultivars studied was
chosen among the top 18 genotypes with any of the
weighting schemes used with the exception of
Gregory, which was the only genotype from the
131 analyzed to be selected with all six schemes.
These results indicate that Gregory would be an
excellent choice as a parent for an array of traits.
This cultivar has the ability to transfer to its
progeny good TSWV incidence, superior yield, and
good values for meat content, ELK, pod brightness
and crop value.

Application in Breeding Programs. The BLUP
approach used in this study is the only procedure
proven effective to predict single-cross performance
(Bernardo, 1996a, b, c). Perhaps the most attractive
feature of BLUP estimation is that no special
experiments are required to obtain the predictions.
Instead, the predictions are obtained by using data
that is routinely generated in a breeder’s testing
program. Moreover, as more lines are tested in
disease and/or yield trials each year, the effective-
ness of the predictions will increase due to the
larger number of observations that went into their
estimation (Bernardo, 1996a).T
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