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1 | INTRODUCTION

Abstract

Future cotton production systems need improved fiber quality to meet global mar-
ket demands and provide the textile industry with high-quality fiber. To achieve this,
cotton (Gossypium hirsutum L.) breeding programs must develop cultivars that over-
come the negative relationship between agronomic performance and fiber quality.
Since 1935, the USDA-ARS Pee Dee germplasm enhancement program has prior-
itized improving fiber quality while also maintaining or enhancing agronomic per-
formance. Along with a number of other breeding programs, the Pee Dee program
documented that the negative relationship between agronomic performance and fiber
quality is most often caused by genetic linkage. Several of these breeding programs
have demonstrated that the negative genetic linkage can be overcome. In this study,
we test the hypothesis that three Pee Dee germplasm lines previously identified as
rare recombinants can generate populations with a decreased negative relationship
between agronomic performance and fiber quality. The results suggest that two of
the three Pee Dee germplasm lines generate populations with a decreased negative
relationship and presumably transmit beneficial allelic combinations for lint percent
and fiber quality traits in coupling phase linkage with one another or fixed in off-

spring.

Studies have documented this negative relationship in a vari-
ety of breeding programs, and although pleiotropy has not

A long-standing objective for upland cotton (Gossypium hir-
sutum L.) breeding programs has been the simultaneous
improvement of agronomic performance and fiber quality.
This has continued to be a major breeding objective to meet
global market demands while also providing the textile indus-
try with higher quality fiber to improve yarn manufacturing
efficiency. Unfortunately, the simultaneous improvement of
agronomic performance and fiber quality has been slow and
difficult, because a negative relationship very often exists
between yield and fiber quality (Campbell & Myers, 2015).

Abbreviations: HVI, High Volume Instrument; PDREC, Pee Dee Research
and Education Center
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been completely ruled out in all cases, the most frequent
explanation suggests that genetic linkage is responsible for
the negative relationship (Campbell et al., 2011; Clement,
Constable, Stiller, & Liu, 2012; Culp, Harrell, & Kerr, 1979;
Meredith & Bridge, 1971).

Rather than solely evaluating lint yield when assessing
the relationship, a number of studies have evaluated the
associations between fiber quality parameters and lint yield
component traits. Smith and Coyle (1997) advocated for a
more in-depth analysis of the yield—fiber quality relation-
ship by focusing on associations of within-boll yield com-
ponents such as boll weight, lint percentage, seeds per boll,
seed surface area per seed, seed cotton per seed, lint cotton per
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seed, fibers per seed, and fibers per seed surface area. Studies
using various yield component traits minimize the confound-
ing effects of the components of yield that are often unac-
counted for in studies examining the relationships between lint
yield and fiber quality. In general, the number of bolls per m?
and lint percentage are considered to be the yield component
traits most associated with lint yield (Worley, Culp, & Harrell,
1974; Meredith, 1984), and a number of studies have docu-
mented that improvement in both yield components resulted
in increased lint yield over time (Campbell et al., 201 1; Camp-
bell, Boykin, Meredith, & Abdo, 2014; Lui, Constable, Reid,
Stiller, & Cullis, 2013). However, it is widely documented
that a strong, negative relationship generally exists between
lint percentage and fiber quality parameters such as fiber
strength and length (Campbell et al., 2012; Miller & Rawlings,
1967; Zeng, Meredith, Boykin, & Taliercio, 2007; Zeng &
Meredith, 2009).

Campbell et al. (2012), Culp et al. (1979), Meredith
and Bridge (1971), and Clement et al. (2012) documented
that the negative relationship between agronomic perfor-
mance and fiber quality can be overcome through intensive
recombination-based plant breeding methods that generate
rare recombinant progeny with high yield and high fiber qual-
ity. Meredith and Bridge (1971) and Culp et al. (1979) rec-
ommended using repeated backcrossing and/or repeated inter-
mating as methods to break up negative linkages. Clement
et al. (2012), Clement, Constable, Stiller, and Liu (2015);
and Koebernick, Liu, Constable, and Stiller, 2019 outlined
several key considerations for breeding programs that focus
on overcoming the negative relationship between agronomic
performance and fiber quality. These included parental line
selection, having an adequate population size to identify rare
recombinants, and early generation selection strategies. The
parental line strategy noted the importance of using parents
with high per se values and good combining ability for lint
yield and fiber quality (Koebernick et al., 2019). Similar to the
recommendations of Clement et al. (2012), Culp et al. (1979)
promoted recurrent selection with large populations sizes as a
way to identify rare recombinants. Early generation strategies
evaluate large population sizes and implement the selection
of single plants on the basis of lint percentage (high heritabil-
ity compared with lint yield) and a fiber quality index, fol-
lowed by replicated testing with emphasis on lint yield and
fiber quality potential (Clement et al., 2015). This strategy
promotes increased efficiency by allocating more resources
in early generations to improve the mean of breeding material
evaluated in costly, replicated multienvironment trials.

The Pee Dee cotton germplasm enhancement program
adopted the repeated intermating strategy described by Culp
et al. (1979) over more than 70 years of intensive plant breed-
ing. Culp et al. (1979) demonstrated that the negative link-
age between yield and fiber quality could be overcome; later,
Campbell et al. (2012) determined that the negative rela-

Core Ideas

* Two of 3 Pee Dee genotypes transmit beneficial
alleles for lint % and fiber quality

* The negative relationship between lint percentage
and fiber quality often persists

* Large populations are needed to identify high lint
% and fiber quality offspring

tionship lessened within the Pee Dee germplasm enhance-
ment program over eight breeding cycles. Moreover, Camp-
bell et al. (2012) identified a number of Pee Dee germplasm
lines as rare, recombinant genotypes that can overcome
the negative relationship between lint percentage and fiber
quality.

In this study, we test the hypothesis that Pee Dee germplasm
lines previously identified as rare recombinants can generate
populations with a decreased negative relationship between
agronomic performance and fiber quality. This hypothesis
assumes that the rare recombinant Pee Dee genotypes contain
beneficial combinations of alleles for agronomic performance
and fiber quality that can be inherited together in offspring.
Hence, in this study, our objective was to evaluate the agro-
nomic performance and fiber quality of a number of different
breeding populations derived with and among several Pee Dee
germplasm lines in successive early generations.

2 | MATERIALS AND METHODS

2.1 | Population development

Three Pee Dee germplasm lines, previously identified as rare,
high lint percentage, and fiber quality recombinants, were
used as parents in this study (Campbell et al., 2012). These
included ‘PD 2164’ (P1529617), ‘PD 7723’ (P1533652), and
‘PD 94042’ (P1603219). PD 2164 (Culp & Harrell, 1980), PD
7723 (Culp, Green, & Kittrell, 1990), and PD 94042 (May,
1999) were released from the USDA-ARS Pee Dee cotton
breeding program as high-yield and high-quality germplasm
lines. Two additional genotypes were included in this study
to serve as a high-yield-high-quality check and a high-yield—
low-quality check: ‘UA48’ (P1 660508) as the high yield—high
quality check and ‘SG 747" (P1 656375) as the high yield—low
quality check. UA48 is a cultivar released by the University of
Arkansas and displays a rare combination of high yield poten-
tial and exceptional fiber quality (Bourland & Jones, 2012).
SG 747 (PVP 9800118) is a cultivar released by Sure-Grow
Seed (Centre, AL) and was included as a high-yield—low fiber
quality check.



TABLE 1 A description of the 10 populations evaluated in this study
Population Pedigree Type F, population size F,.; population size
1 PD 2164 x PD 7723 Pee Dee x Pee Dee 268 120
2 PD 2164 x PD 94042 Pee Dee X Pee Dee 235 120
3 PD 7723 x PD 94042 Pee Dee x Pee Dee 189 120
4 PD 2164 x UA 48 Pee Dee x Good 237 120
5 PD 7723 x UA 48 Pee Dee x Good 266 120
6 PD 94042 x UA 48 Pee Dee x Good 257 120
7 PD 7723 x SG 747 Pee Dee X Poor 244 120
8 PD 94042 x SG 747 Pee Dee x Poor 243 120
9 PD 2164 x SG 747 Pee Dee x Poor 252 120
10 UA 48 x SG 747 Good x Poor 251 120

In 2014, the three Pee Dee genotypes (PD 2164, PD 7723,
and PD 94042) were intermated and each was crossed to
UA48 and SG 747 to develop nine populations. UA48 and
SG 747 were crossed to develop a reference high-yield—high-
quality X high-yield-low-quality population. In addition to
the UA48 x SG 747 reference population, this scheme devel-
oped three types of populations: (a) Pee Dee X Pee Dee, (b)
Pee Dee X Good Quality, and (c) Pee Dee X Poor Quality
(Table 1). The 10 crosses were made in a field at the Clemson
University Pee Dee Research and Education Center (Clem-
son PDREC) in Florence, SC. The F; seed was harvested and
space planted at the Clemson PDREC during 2015. Individual
F, plants were self-pollinated to produce F, seed.

2.2 | Field evaluations

In 2016, four-row plots of F, seed for each of the 10 popula-
tions were planted on 25 May 2016 at the Clemson PDREC
with a cone planter. Rows were 30.5 m long with 96-cm row
spacing. After emergence, the four-row plots were thinned to a
density of one plant 30.5 cm™! for a total of 400 plants. Fertil-
ization, weed control, insect control, and defoliation measures
were managed following established local practices. Supple-
mental irrigation was applied with a surface drip irrigation
system at a rate of 25.4 mm h™!. Water was applied as needed
beginning the week of first flower throughout the entire flow-
ering period.

Plots were defoliated when the bolls were 80% open on 26
Sept. 2016. Because of the forecast of Hurricane Matthew, on
3—4 October, individual F, plants were excised from the field
and stored in a warehouse. Individual plants were bulk har-
vested by hand within 3 weeks after removal from the field.
All samples were ginned on a common 10-saw laboratory gin,
and lint percentage was determined by dividing the weight
of the lint sample after ginning by the weight of the seed
cotton sample before ginning. A portion of the lint sample
was sent to the Cotton Incorporated Fiber Testing Laboratory

(Cary, NC) for determination of the High Volume Instrument
(HVI) fiber properties (Uster Technologies, Knoxville, TN).
The fiber properties measured included upper half mean fiber
length, micronaire, fiber strength, and uniformity. Two fiber
quality indices were calculated based on a weighted average
of HVI fiber properties following the procedure described by
Bourland, Hogan, Jones, and Barnes (2010). Quality index
1 included fiber length (50%), micronaire (25%), unifor-
mity index (15%), and fiber strength (10%). Quality index
2 included fiber length (10%), micronaire (10%), uniformity
index (30%), and fiber strength (50%).

After delinting individual F, plant seed for each population,
120 F, plants with sufficient seed supplies were advanced
for F,.5 field evaluations. For each of the 10 populations, the
120 F,.; lines were evaluated in a two-replicate randomized
complete block field design. Because of the large volume of
total plots (2,400), five of the populations were evaluated at
the Clemson PDREC in 2017 and the remaining five in 2018.
Hence, Populations 1 to 5 were evaluated in 2017 and 6 to
10 in 2018. In all trials, plots consisted of two rows 6.1 m
long with 96-cm row spacing. Trial management followed the
established local production practices for rainfed cotton pro-
duction in both years. In 2017 and 2018, trials were planted
on 15 and 14 May, respectively.

After defoliation, a 25-boll sample was hand-harvested (16
Oct. 2017 and 15 Oct. 2018) from each plot to determine
yield components and fiber quality properties. Boll weight
was determined by dividing the 25-boll sample by 25. All
samples from both years were ginned on a common 10-saw
laboratory gin, and lint percentage was determined by divid-
ing the weight of the lint sample after ginning by the weight
of the seed cotton sample before ginning. The seed index was
measured by recording the mass of 100 fuzzy seeds. A portion
of the lint sample was sent to the Cotton Incorporated Fiber
Testing Laboratory (Cary, NC) for determination of HVI fiber
properties. The fiber properties measured included upper half
mean fiber length, micronaire, fiber strength, and uniformity.
Two quality indices, as described above, were calculated from
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HVI fiber properties. Additional yield components, includ-
ing lint index, fibers per seed, seeds per boll, and fiber den-
sity, were calculated according to Clement, Constable, and
Walford (2014).

2.3 | Data analysis

For each of the 10 F, and F,.; populations, phenotypic
data were analyzed via the PROC UNIVARIATE and PROC
CORR modules of SAS version 9.2 (SAS, 2008). PROC UNI-
VARIATE was used to test for normality and estimate the
mean and standard deviation for each population. In addition,
95% confidence intervals were estimated for each trait in each
population. This allowed for comparisons among the F, popu-
lations. Differences were declared when the confidence inter-
vals for two F, populations were void of any overlap. Since
half of the F,.; populations were evaluated in 2016 and the
other half in 2017, phenotypic data among the 10 F,.5 popula-
tions were not compared. Following confirmation of normal-
ity, PROC CORR was used to generate Pearson correlation
coefficients among yield component and fiber quality traits
for both the F, and F, .5 generations.

For the F,.5 phenotypic data, PROC GLM with the RAN-
DOM statement was used to test for significant differences
among the 120 entries in each of the 10 trials. Block was con-
sidered as a random effect, and genotypes were considered
to be fixed effects. In an effort to compare the F, and F,.5
generations and estimate a response to selection, F, parent—
F,.; offspring regression heritabilities were estimated for each
trait within each population via the approach described by
Holland, Nyquist, and Cervantes-Martinez (2003).

On a pairwise basis for lint percentage and fiber quality
traits, the mean and standard deviation in each population
were used to classify F, individuals and F,.; offspring into
four trait categories. For example, considering Trait 1 and
Trait 2, individuals or offspring were classified as: (a) Cate-
gory 1: one SD above the mean for both traits (+/+); (b) Cat-
egory 2: one SD above the mean for Trait 1 and one SD below
the mean for Trait 2 (+/-); (c) Category 3: one SD below the
mean for Trait 1 and one SD above the mean for Trait 2 (-/+);
and (d) Category 4: one SD below the mean for both traits (-
/-). Individuals or offspring in Categories 1 (+/+) and 4 (-/-)
represented putative recombination products overcoming the
negative relationship between lint percentage and fiber qual-

ity.

3 | RESULTS

Figure 1 shows the mean and 95% confidence interval for
lint percentage, upper half mean, microniare, uniformity, fiber
strength, Quality Score 1, and Quality Score 2 in the F, and

F,.; generations. Among the Pee Dee X Pee Dee populations
(1-3) in the F, generation; Population 2 produced the high-
est lint percentage, micronaire, and fiber strength. Population
1 produced the highest upper half mean, whereas Population
3 produced the lowest upper half mean and fiber strength.
Among the Pee Dee X Good Quality populations (4-6) in
the F, generation, Population 4 produced the highest lint per-
centage, whereas Population 6 produced the lowest. Popula-
tion 6 also produced the highest upper half mean, micron-
aire, uniformity, and fiber strength. Among the Pee Dee X
Poor Quality populations 7-9) in the F, generation, Popula-
tions 7 and 8 produced the highest lint percentage, upper half
mean, micronaire, uniformity, and fiber strength. The UA48 X
SG 747 reference population (10) produced a lint percentage
lower than Populations 2, 4, 7, and 8 but higher than Popula-
tions 1, 3, 5, 6, and 9; an upper half mean and fiber strength
less than Population 6 but higher than the remaining popula-
tions; a micronaire similar to Populations 2, 3, 6, and 8 but
higher than Populations 1, 4, 5, and 7; and a uniformity lower
than Populations 6 and 8 but higher than the remaining popu-
lations.

Table 2 shows the results of the ANOVA for the 10
F,.; populations. Overall, with the exception of Popula-
tion 5 and seeds per boll, we identified significant differ-
ences for most population—trait combinations. All popula-
tions showed significant differences for lint percentage, upper
half mean, and micronaire. Nine populations showed sig-
nificant differences for boll weight, seed index, lint index,
fibers per seed, fiber density, fiber strength, Quality Score 1,
and Quality Score 2. FEight populations showed a significant
difference for uniformity.

In an effort to compare F, and F,.; generations and estimate
a response to selection, F, parent-F,.; offspring regression
heritabilities were estimated for each trait within each popu-
lation (Table 3). With the exception of uniformity, heritabil-
ities were moderate across traits and populations. Population
8 had the lowest heritability across the six traits, as two of the
six parent—offspring regressions were not significant. These
results suggested that the F,.5 population data were generally
consistent with individual F, plant data. The mean heritabil-
ity across populations for traits ranged from 0.27 for Quality
Score 2 to 0.43 for upper half mean.

To study the relationships among yield component traits in
these 10 populations, we examined the correlation of yield
component traits with two primary yield components: lint per-
centage and seed index. Table 4 shows a summary of the cor-
relations among lint percentage, boll weight, seed index, seeds
per boll, lint index, fibers per seed, and fiber density. Overall,
there were several notable trends in these relationships. Lint
percentage was negatively correlated with seed index, seeds
per boll, lint index, and fibers per seed. Boll weight was pos-
itively correlated with seed index, seeds per boll, lint index,
and fibers per seed. Seed index was positively correlated with
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a.) Lint Percent (%) b.) Upper Half Mean (mm)
420 oF2 320 oF2
40.0 BF2:3 31.0 mF2:3
38.0 30.0
29.0
36.0
28.0
34.0 ﬂ 27.0 :
32.0 26.0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Population Population
c.) Micronaire (units) d.) Uniformity (%)
5.0 i 86.0 =52
mF2:3 85.0 mF2:3
4.5 84.0
83.0
:
4.0 82.0
81.0
3.5 80.0
1 2 3 4 5 6 7 8 9 10 1. 2 3 4 5 6 7 8 9 10
Population Population
e.) Fiber Strength (kN m kg) f.) Quality Score 1 (%)
350 oF2 80 OF2
330 BF2:3 75 BF2:3
70
310
65
290 I
60
250 50
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Population Population
g.) Quality Score 2 (%)
80 OF2
75 mF2:3
70
65 |'
60
55
50
1 2 3 4 5 6 7 8 9 10
Population
FIGURE 1 Mean values and 95% confidence intervals of F, and F,.; generations of 10 populations for (a) lint percentage, (b) upper half mean,

(c) micronaire, (d) uniformity, (e) fiber strength, (f) Quality Score 1, and (g) Quality Score 2

the lint index and fibers per seed but negatively correlated
with fiber density. Lint index, fibers per seed, and fiber den-
sity were positively correlated.

Based on these relationships, the two primary yield com-
ponents interacting with one another in a negative way were
lint percentage and seed index. Increased lint percentage was
associated with lower seed size, seed number, lint index, num-
ber of fibers per seed, and fiber density. Likewise, larger seed

size was associated with larger bolls, higher lint index, and a
greater number of fibers per seed but negatively correlated
with lint percentage and fiber density. Lint percentage and
seed index were both negatively correlated with fiber density.

Table 5 provides a summary of the relationships of lint per-
centage and seed index with fiber quality traits. Overall, 4 of
the 10 populations (1, 5, 6, and 10) consistently showed neg-
ative relationships with lint percentage for upper half mean,
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fiber strength, and both quality score indices. Among the Pee
Dee x Pee Dee populations (1-3), Population 1 showed a neg-
ative relationship with upper half mean, fiber strength, and
both fiber quality indices, whereas Populations 2 and 3 did
not show a negative relationship between lint percentage and
any of the fiber quality traits. Among the Pee Dee X Good
Quality populations (4-6), each displayed a negative relation-
ship between lint percentage and one or more of the fiber
quality traits. Among the Pee Dee X Poor Quality populations
(7-9), Populations 8 and 9 displayed no relationship with lint
percentage, whereas Population 7 displayed a negative rela-
tionship only between upper half mean and lint percentage.
As expected, the UA48 x SG 747 reference population (10)
displayed a negative relationship for upper half mean, uni-
formity, fiber strength, and both fiber quality scores. Collec-
tively, these results show that Populations 2, 3, 8, and 9 did
not maintain a negative relationship between lint percentage
and fiber quality.

In contrast to lint percentage, upper half mean, uniformity,
fiber strength, and both quality scores showed a positive rela-
tionship with seed index for most of the populations. None of
the 10 populations showed a negative relationship with seed
index for these fiber quality traits. For micronaire, five popula-
tions showed a positive relationship with seed index, although
one population showed a negative relationship.

Table 6 provides a summary of the relationships of fiber
quality traits with seeds per boll, lint index, fibers per seed,
and fiber density. Overall, differences in these relationships
were not evident among the Pee Dee X Pee Dee, Pee Dee X
Good Quality, and the Pee Dee X Poor Quality populations.
There was very little evidence of a relationship between seed
per boll and fiber quality. For fibers per seed, there was a nega-
tive relationship with micronaire across populations, whereas
Populations 2, 6, 9, and 10 showed a negative relationship
with most of the other fiber quality traits. For fiber density,
most of the fiber quality traits were negatively associated, with
the exception of Populations 4 and 5, which showed very little
relationship between fiber density and fiber quality.

Since our results showed that the primary yield component
negatively associated with fiber quality was lint percentage,
the mean and standard deviation in each population was used
to classify F, individuals and F,.; offspring into four pairwise
trait categories to represent putative recombination products
overcoming the negative relationship between lint percentage
and fiber quality (4+/+ and —/— categories). Table 7 and Table 8
show the results of this classification for F, individuals and
F,.; offspring, respectively. Since Populations 2, 3, 8, and 9
did not display a negative relationship between lint percent-
age and fiber quality traits (Table 5), we expected that more
F, individuals and F, ;5 offspring would appear in the high lint
percentage and high fiber quality category (+/+). However,
according to data from both generations, the number of indi-
viduals in this category did not appear to be different from the

cropscience B

other populations (Table 7 and Table 8). It was interesting that
no high lint percentage—high fiber quality F,.; offspring were
identified in Population 5 for upper half mean, fiber strength,
or either quality score. Only one F,.; offspring was detected
in both Population 6 and 7 in the high lint percentage and
high fiber strength category. This finding illustrates the diffi-
culty in identifying a rare high lint percentage and high fiber
quality recombinant for these populations. We detected a sin-
gle high lint percentage and high fiber quality recombinant in
the UA48 x SG 747 reference population, although more off-
spring fell into the undesirable high lint percentage and low
fiber quality category (+/-).

4 | DISCUSSION

Historically, the negative relationship between lint yield or
yield component traits and fiber quality has hindered efforts
to develop high-yield and high-quality cultivars. A number
of cotton breeding programs, including the USDA-ARS Pee
Dee program, have made overcoming the negative relation-
ship between yield and fiber quality a major breeding objec-
tive. In this study, we evaluated three types of early-generation
breeding populations derived from three high-yield and high-
quality Pee Dee germplasm lines, a high-yield and high-
quality commercial cultivar developed by the University of
Arkansas, and a high-yield and low-quality commercial cul-
tivar (SG 747) to determine the status of the relationship
between yield component traits and fiber quality. Each of the
three Pee Dee germplasm lines was selected because prior
data suggested they each overcame the negative yield—fiber
quality relationship.

Among the yield component traits assessed in this study, a
correlation analysis indicated that the two predominant yield
components interacting with fiber quality were lint percentage
and seed index; these two yield components displayed a strong
negative relationship with one another. Generally, significant
correlations between lint percentage and fiber quality were
negative, whereas the significant correlations between seed
index and fiber quality were positive. The direction of these
relationships is in agreement with previous reports (Camp-
bell et al., 2012; Culp et al., 1979; Meredith & Bridge, 1971;
Clement et al., 2012).

Four of the ten populations (1, 5, 6, and 10) displayed neg-
ative relationships between lint percentage and fiber quality
(Table 5). This included one population in the Pee Dee X Pee
Dee populations, two within the Pee Dee X Good Quality pop-
ulations, and the UA48 X SG 747 reference population. Four
of the ten populations (2, 3, 8, and 9) displayed no relationship
between lint percentage and fiber quality. These populations
included two of the three Pee Dee X Pee Dee populations and
two of the three Pee Dee X Poor Quality populations. Two of
the ten populations (4 and 7) displayed a negative relationship
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TABLE 7
strength within 10 F, populations

cropscience NS

Pairwise classification of individuals greater or less than one standard deviation for lint percentage, upper half mean, and fiber

Population Lint percentage/Upper half mean Lint percentage/Fiber strength
+/+ +/- —/+ -/~ +/+ +/- —/+ -/~
number of individuals
1 2 10 11 7 5 5 12 6
2 3 6 5 7 6 3 3 6
3 4 8 4 10 6 5 2 8
4 2 6 6 8 3 6 5 9
5 6 4 6 8 7 6 5 3
6 3 4 3 4 4 7 2 0
7 2 5 10 4 1 9 8 2
8 4 4 3 8 3 6 5 3
9 4 2 5 6 7 5 3
10 6 3 4 9 6 10 3 7
TABLE 8 Pairwise classification of progeny rows with greater or less than one standard deviation for lint percentage, upper half mean, and

fiber strength within 10 F,.; populations

Population Lint percentage/upper half mean Lint percentage/fiber strength
+/+ +/- —/+ —/- +/+ +/- —/+ —/-
number of individuals

1 2 3 2 1 1 4 4 1
2 1 2 1 0 1 4 2 1
3 1 1 1 1 2 1 1 0
4 1 1 6 0 1 1 3 1
5 0 1 3 0 0 2 0 0
6 0 2 3 2 1 1 3 3
7 0 1 4 0 1 0 2 0
8 1 1 0 0 2 0 1 2
9 2 1 2 4 0 2 1 1
10 1 6 2 3 1 5 0 0

between lint percentage and one or two of the fiber quality
traits, although other fiber quality traits showed no relation-
ship with lint percentage. Both populations involved one of
the Pee Dee germplasm lines in their pedigree.

These results support the notion that PD 2164 and PD
94042 are rare recombination products that overcome the neg-
ative relationship between yield and fiber quality while also
having the ability to transmit the phenotypes to their offspring.
However, PD 7723 does not follow this trend. It is interesting
that both PD 2164 and PD 94042, when crossed to the high
lint percentage—low fiber quality check SG 747, generated a
population void of a negative relationship between lint per-
centage and fiber quality. One possible hypothesis to explain
these findings suggests that more beneficial allelic combi-
nations for lint percentage and these fiber quality traits are
in coupling phase linkage with one another or fixed in off-
spring derived from PD 2164 and PD 94042. According to this

hypothesis, data involving the UA48 and PD 7723 populations
indicate that lint percentage and fiber quality trait allelic com-
binations in offspring are in repulsion phase linkage, in which
the strong negative relationship persists. Although UA48 is
a high-yield high-quality cultivar, this finding is consistent
with UA48’s moderate to low lint percentage, (F. Bourland,
personal communication, 8 Jan. 2020). In a previous study
evaluating the relationship between yield components and
fiber quality, Smith and Coyle (1997) suggested that repulsion
phase linkage was the most probable explanation for the neg-
ative relationship. Similarly, Constable and Bange (2007) and
Clement et al. (2012) concluded that the negative relationship
between yield and fiber quality was the result of linkage that
could be overcome through repeated recombination opportu-
nities in the resulting offspring.

In conclusion, the data from this study support the key
considerations for breeding programs focused on overcom-
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ing the negative relationship between agronomic performance
and fiber quality proposed by Clement et al. (2012, 2015)
and Koebernick et al. (2019). The ability of PD 2164 and PD
94042 to transmit beneficial allele combinations for lint per-
centage and fiber quality highlight the importance of parental
line selection. It should be noted that our F, parent and F,.5
offspring population distributions indicate that the occurrence
of selecting recombinant individuals with both high lint per-
centage and high fiber quality is extremely low. In the F, anal-
ysis, the number of high lint percentage and upper half mean
individuals ranged from 0.75 to 2.39%, and individuals with
a high lint percentage and fiber strength ranged from 0.41
to 3.17%. In the F,.; analysis, the number of offspring with
both high lint percentage and upper half mean and offspring
with high lint percentage and fiber strength both ranged from
0to 1.67%. These findings emphasize the importance of eval-
uating large population sizes to identify these rare recombi-
nants. Fortunately, the moderate parent—offspring heritabili-
ties for the F, parent and F,.; offspring populations suggest
that early-generation selection for rare recombinants, as sug-
gested by Clement et al. (2015), provides a beneficial way to
better focus costly, replicated multienvironment field trials for
greater breeding efficiency.
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