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ABSTRACT

An apparent stagnation of fiber quality improvement in Upland cotton (Gossypium hirsutum) is likely due
to a limited priority by breeders to improve fiber quality, exacerbated by limited genetic diversity for fiber
quality within G. hirsutum. Increasing competition from man-made fibers such as polyester has put
additional impetus for improvement of cotton fiber quality. Extensive genetic resources exist, however,
from which valuable alleles for fiber quality can be mined. In addition to divergent, unadapted, or even
wild G. hirsutum, valuable QTLs have been identified in other related species within the Gossypium
genus. These interspecific sources of fiber quality represent an underutilized resource within the
available gene pool of G. hirsutum. While numerous QTL have been mapped and identified in
interspecific populations or introgression lines, few have been verified or have progressed to the point of
introgression into adapted material. This dissertation seeks to address some of these topics by examining
QTL identified from interspecific sources, their interaction with elite, divergent genetic backgrounds,

their genotype by environment interactions, and their application in cotton improvement.
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CHAPTER 1

INTRODUCTION
Cultivated and valued by humans for millennia, members of the genus Gossypium, collectively
termed cotton, have become an important commodity crop that influences the daily lives of
people across the globe. Grown for the valuable seed epidermal trichomes or hairs that are
produced on the seed surface, two of the New World, tetraploid species, G. hirsutum and G.
barbadense account for the vast majority of international cotton acreage. In 2015, G. hirsutum,
referred to as Upland cotton, accounted for over 98% of the 3.5 million hectares of cotton
planted in the United States, the remaining acreage planted to G. barbadense, commonly termed
Pima, Egyptian, or extra-long staple (ELS) cotton (USDA-NASS, 2016). Over 101 million 218
kg cotton lint bales were produced globally in 2015 (USDA-FAS, 2016). India and China led
world production of the crop with 27.8 and 23.8 million bales respectively, followed by the US,
Pakistan, and Brazil with 12.9, 7.2, and 6.7 million bales, respectively (USDA-FAS, 2016). In
the US, the 2014 crop was worth an estimated $5.1 billion (USDA-NASS, 2016), $964 million
of which was produced by growers in the state of Georgia. Among the various industries in the
state of Georgia, agriculture is the leader, with cotton the leading row crop for both acres planted
and farm gate value (UGA-CAES, 2014).

Due to a combination of improved agronomics, genetic gain from breeding, and the
introduction of GMO cotton into the marketplace, national average Upland cotton lint yield has
seen a 70% improvement from 500 kg/ha in 1975 to 850 kg/ha in 2015. Improvements in fiber
quality, however, have not maintained a similar pace of improvement. From 1980, fiber bundle

1



strength (FBS) increased from 235 kN m kg-1 to 294 kN m kg-1 in 2012, a 25.1% increase
encouraged by the industry’s need for stronger fibers to feed open-end and rotor spinning
facilities, but an increase of much lesser proportion. Fiber upper half mean length (UHML) has
increased only 5.6% in nearly 40 years, from 26.7 mm in 1975 to 28.2 mm in 2014
(Incorporated, 2015). The stagnation of fiber quality improvement is likely due to a limited
priority by breeders to improve fiber quality, exacerbated by limited genetic diversity for fiber
quality within G. hirsutum. Increasing competition from man-made fibers such as polyester has
put additional impetus on improvement of cotton fiber quality. It is of some concern, however,
that G. hirsutum germplasm shows little genetic diversity from which to make significant gains
for fiber quality improvement (Bertini, et al., 2006; Fang, et al., 2013; VVan Becelaere, et al.,
2005).

Extensive genetic resources exist, however, from which valuable alleles for fiber quality
can be mined. In addition to divergent, unadapted, or even wild G. hirsutum, valuable QTLSs
have been identified in other related species within the Gossypium genus. These interspecific
sources of fiber quality represent an underutilized resource within the available gene pool of G.
hirsutum. While numerous QTL have been mapped and identified in interspecific populations or
introgression lines, few have been verified or have progressed to the point of introgression into

adapted material. This dissertation seeks to address some of these topics.



LITERATURE REVIEW

Cotton Fiber Quality Traits and Methods of their Measure
In recent decades, man-made fibers such as polyester have taken significant textile

market share from natural fibers such as cotton. In 1990, cotton and other natural fibers
accounted for over 60% of the global textile production market and in 2000 it was down to 45%.
In 2010, natural fibers accounted for 36% of world fiber consumption, with cotton accounting for
32.9% of the total consumption (FAO-ICAC, 2013). This rapid decline in cotton market share
can be tied to recent advances in man-made fiber technologies as well as the historically high
price of the raw cotton fiber and the processing costs associated with the natural product vs.
man-made synthetic fibers. For cotton to remain competitive with man-made fibers, it is
important that the cotton breeding community improve the fiber quality genetic potential of the
cotton crop. Improving fiber length, strength, elongation, fineness, and uniformity are crucial to
the continued viability of US cotton farming operations.

The seed trichomes, or cotton fibers, have characteristics intrinsic to them that determine
their value for spinning into yarns from which to make textiles. All fibers, natural or man-made,
have these characteristics. These include, but are not necessarily limited to, the length of the
fiber, the fiber strength, how much those fibers will stretch before breaking, and fiber diameter.
These parameters, as well as the chemical composition and the physical nature or three
dimensional shape of the fibers, all contribute to the selection of a fiber as a suitable source for
spinning into yarn. They also influence the characteristics of the yarn, the textile produced from
the yarn, and the costs associated with processing the fiber into yarns.

The production of a cotton textile begins when the individual fibers of a cotton bale are

spun into yarn. The fibers from many bales are combined, blended, cleaned and arranged so that



they are parallel to each other through a process called combing and carding. Once this process
is complete, the fibers go through several series of drawing or stretching before being spun
together to produce a yarn. Cotton, being a natural fiber requires multiple rounds of such
processing, which can cause fiber breakage. Fiber length is important for producing thin and
strong yarns, whereas strong fibers are required to withstand the rigors of mechanical processing
and also helps to create a strong yarn. Uniformity of length is also important for the efficient
production of yarn at an industrial scale. After being spun to create yarn, the yarns are woven to
produce textiles or twisted together to produce string. Yarns produced from long strong fibers
are used in the production of higher end products such as fine dress shirts or high thread-count
sheets, whereas shorter fibers are used to produce coarse yarns used in towels and denim jeans.

Chemical and physical composition of fibers influences their spinning characteristics as
well as their dyeing and finishing qualities. For instance, cotton fiber is 99.5% cellulose, a
polysaccharide linear chain of hundreds to thousands of glucose molecules. Primarily composed
of a-cellulose, the crystallinity of the cellulose as well as the non-cellulosic components affects
dye uptake. The chains of cellulose are deposited to constitute the secondary cell wall.
Immature fibers have a lesser degree of this secondary cell wall deposition, thereby making
immature cotton fiber weaker than a fully mature fiber and poorer dye uptake.

Cotton fibers were spun by hand prior to the Industrial Revolution, which made fiber
length of great importance. Today, the different technologies used in spinning yarns have
different priorities and preference for fiber quality characteristics. Ring spinning mills, for
instance, which produce some of the finest yarns, capable of producing very high thread count
and therefore valuable fabrics, rank fiber length as the number one priority, followed by strength

and then fiber fineness. However, rotor spinning mills require fibers with high strength



foremost, followed by fineness and lastly fiber length (Deussen, 1993). Rotor spinning produces
a more coarse, and hairier yarn, but production speed is much faster.

By the turn of the 20" century, cotton fiber quality was judged subjectively by highly
trained individuals known as “classers,” who would assign the various grades of cotton to help
textile mills in determining fiber quality. However, their method of judging fiber quality visually
and by hand was highly variable and resulted in discrepancies between markets. In the 1920s,
the United States Department of Agriculture (USDA) introduced a standard method of
classification for cotton fiber quality and disseminated these standards to the various classers
across the nation. In 1965, the micronaire (MIC) machine was introduced, and by the 1990s, the
classing of all US cotton was mandated to be run on a high volume instrument (HV1) classing
machine (Ramey Jr, 1999). The HVI machine has the capability of measuring fiber length
(UHML), fiber bundle strength (FBS), elongation (ELONG), color, trash content, and
micronaire. All of which are very important to the textile mills for determining the cotton bales

they will purchase.

Fiber Length
The length of an individual cotton fiber is very important to the yarn and the textile it will be

used to produce, and has long been considered one of the most important aspects of fiber quality
for yarn strength and quality (Brown, 1938; Perkins, et al., 1984). Fiber length is positively
correlated with yarn tenacity and yarn elongation (Benzina, et al., 2007; Ramey, et al., 1977).
Additionally, the length of the fiber determines the fineness of the yarn capable of being
produced. When fibers are spun into a yarn to produce textiles, they are arranged in a linear
fashion so that they all face the same direction. These linearized fibers are then twisted together

in the spinning stage. The applied twist creates an interlocking of fibers and frictional force



between individual fibers at their points of contact. Longer fibers, after twisting, have more
points of contact along their length with their neighboring fibers, giving them more interlocking
and frictional forces. This creates a yarn that requires more force to pull apart. So the longer the
fibers used to make a yarn, the stronger that yarn will be. As the average length of a cotton fiber
sample increases, it takes fewer and fewer fibers per cross-section of yarn to produce an equally
strong yarn, and if shorter fibers are used it takes more fibers per cross section to produce a yarn
with equal strength. Because it takes fewer long fibers per yarn cross section to produce an
adequately strong yarn, yarns made with longer fibers generally have a smaller diameter. Yarns
produced with long fibers are strong and usually quite fine, which is desirable in high-end textile
products such as high thread count bed sheets and fine dress shirts. Yarn tenacity, or the amount
of force required to break a given yarn, is highly correlated with fiber length (r=0.768) (Bedez
Ute and Kadoglu, 2014)

Fiber length is a very important trait to the textile industry for the preceding reasons.
However, it has been shown to have a negative correlation with yield (Azhar, et al., 2004;
Meredith and Bridge, 1971; Miller, et al., 1958; Scholl and Miller, 1976; Shen, et al., 2007,
Smith and Coyle, 1997). Along with this negative correlation with yield, it is against a grower’s
best interest to grow a variety with good fiber quality if it will not yield competitively. Under
the current US pricing model, it takes a very high premium paid for quality to make up for a
small increase in cotton lint kg per hectare (kg/ha). While discounts are applied to cotton bales
with low quality, the grower can make up for this situation by producing more bales per acre.
Hence, market forces driven by growers are not always aligned with the market needs of the
textile industry. Breeders have attempted to address the shortcomings in fiber quality, especially

length without sacrificing yield. However, it is because of the negatively correlated relationship



between many fiber quality traits and yield that breeders in the public and private sectors have
had such difficulty in improving cotton fiber quality without harming yield potential.

Fiber length is measured in several different ways. Cotton is a natural product, and as
such it is important to think of a fiber sample as a population of fibers, and so the entire fiber
distribution must be described to fully understand the nature of the sample. Within each sample
even from the same plant there are fibers of greater length, fibers of shorter length, some that are
strong, weak, etc. HVI provides what was previously described as the “fibrogram” by Hertel,
which is the histogram of the second integral of the length frequency (Hertel, 1940)(1940).
Three measurements are derived from this fibrogram, the mean length (ML) which is simply the
average length of fibers in the sample, upper-half mean length (UHML), which is the mean
length of the longest 50% of fibers in the sample, and the Uniformity Index (Ul) which is the
ratio of the ML compared to the UHML, which gives some idea of the fiber length distribution.
Uniformity ratio (UR) can also be discerned from the fibrogram, which is the ratio of the 50%
span length over the 2.5 span length. Because the industry primarily looks at UHML to describe
fiber length, UR is lesser used than Ul, though the two measurements are very similar. For ring-
spinning, uniformity of fiber length is an important determinant of yarn quality and spinning
performance (Deussen, 1993)

Short fiber content (SFC), defined as the percentage of fibers by weight with length less
than 12.7mm (Behery, 1993), is important to the manufacturer as high levels of SFC can cause
processing issues such as excess fiber waste, decreased yarn strength, increased ends-down, yarn
defects and decreased productivity (Backe, 1986). SFC has increasingly become more important
as a problem in cotton textile production as modern textile production speeds increase and the

adverse effects of short fiber become more apparent. Sources of SFC include genotype, the



interaction of the genotype with environment, and mechanical breakage during harvesting,
cleaning, ginning, and processing.

HVI measurement of fiber length and other traits has been the standard applied to all
bales produced within the US, however, more precise and descriptive measures are now
available with the Advanced Fiber Information System (AFIS) by Uster Technologies.

Along with measuring the average length of the total number of fibers scanned (Ln) and
by weight (Lw), AFIS also measures the upper quartile length, length coefficient of variation
(CV) by number and weight, SFC by weight and number, and the length upper percentiles such
as length by number of the upper 2.5% and upper 5%. These measurements provide a much
more thorough picture of the entire fiber length distribution. As fiber quality becomes
increasingly important for textile manufacturers, AFIS measurement of cotton fiber quality will
likely become more commonplace. Currently, the wide scale adoption of this technology is
limited by its low speed and high cost, especially in breeding where large numbers of samples

are processed and the testing is cost prohibitive.

Fiber Strength
The strength which is required to break a given sample of fibers has a large effect on the yarn

that will be produced, the textile that it will be used in, but also how well the fiber handles the
harsh mechanical rigors of processing. It has been noted that the ginning process creates a large
amount of fiber breakage that leads to shorter fiber and/or high SFC (Krifa, 2006; Schenek, et al.,
1998; Schneider, et al., 1994). Stronger fibers are better equipped to make the journey from the
cotton boll to the shirt without being damaged or broken into shorter fibers. After ginning, the
fibers are exposed to further mechanical rigors during the spinning and weaving processes,

making fiber strength crucial to efficient textile manufacture (Faerber, 1995; Patil and Singh,



1995). Individual strength of a fiber also contributes to yarns with high strength (May and
Taylor, 1998; Meredith, et al., 1991). Although fiber length and length uniformity are arguably
the most important factors in yarn strength, individual fiber strength is very close in importance
and has been given increasing importance along with fiber fineness (FINE) by textile
manufacturers (Moore, 1996).

High strength fibers allow for faster production speeds (Perkins, et al., 1984), and while it
IS an important characteristic for all yarn production, it is especially important for open-
ended/rotor spun yarn production (Deussen, 1993). Yarn tenacity has been shown to be highly
correlated with fiber strength (r=0.734) (Bedez Ute and Kadoglu, 2014). Fiber strength has a
greater degree of importance in open-end yarn spinning vs. ring spun due to the yarn structural
differences and the mechanical differences of the manufacturing processes.

Current estimation of fiber strength is conducted during HV1 analysis using the same
beard or bundle of fibers used in estimation of fiber length, which is of a standard weight. The
bundle is grasped on each end by two pairs of metal clamps, which are then spread apart at a
constant speed, and the force required to break the bundle is recorded. This breaking force is
related back to the weight of the fiber bundle as kN m kg*. This fiber bundle strength (FBS) is a
good measure of the strength of fibers, however, it can be biased toward fine fibers, since more
fine fibers compose a bundle of equal weight, which leads to an over-estimate of the fiber

strength due to the larger number of fibers in the bundle.

Fiber Elongation

Fiber elongation (ELO) refers to the amount a fiber stretches before they rupture or break.
Measurement of this characteristic is achieved during the fiber bundle strength measurement

during HVI analysis or by Stelometer. As the bundle of fibers is pulled apart to determine the



amount of force needed to break, the machine also measures how far the sample stretches prior
to breakage. ELO is thought to confer better processing ability to fiber. The ability to stretch
gives some protection during the rigorous processing forces incurred during ginning, bale
opening, carding, drafting, spinning, weaving and knitting. Faulkner et al. (2012) found that
fiber from cultivars with similar strength and length, but different ELO values had different
work-to-break values. Described as the total force required to rupture a fiber bundle, work-to-
break is a function of strength and ELO combined, and is a more accurate predictor of spinning
performance (Benzina, et al., 2007). Indeed, cultivars with lower strength but better ELO values
required more work-to-break. While fiber strength is an important aspect of spinning
performance, fiber ELO is shown in this study to be of increased importance to yarn production
and spinning efficiency (Faulkner, et al., 2012).

Unfortunately, ELO as measured by HVI has some problems. Although the measurement
is repeatable with acceptably low coefficient of variation (CV), the data isn’t comparable
between machines because as of now there are no methods to calibrate and thereby standardize
the measurement. So while one machine might produce consistent results, the results are
impacted by daily and perhaps hourly fluctuations in ambient environmental conditions. It is
because of this unreliability that ELO is not included in classing reports. Work is being done in
an effort to standardize the measurement of this important fiber quality so that breeders can
improve fiber ELO and textile producers will have a metric to help them select bales for

purchase (Benzina, et al., 2007).

Fiber Fineness and Maturity

Intuitively, finer fibers allow for more fibers per cross-sectional area of a given yarn thickness,

which confers that yarn greater strength. This idea is presented by Faerber and Deussen (1994)
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as the spin limit which is the minimum yarn count, or yarn thickness, that can be produced from
a sample of fibers and still produce a quality yarn with acceptable spinning efficiency. Finer
fibers and more fibers per cross section of yarn allows for more frictional forces among yarn
fibers, which increases strength of the yarn, reduces the required level of yarn twisting, and can
greatly increase spinning efficiency and productivity during manufacture. Fiber maturity, which
is the degree to which the secondary cell wall has thickened over the course of fiber
development, is also a very important fiber trait. Immature fibers cause poor performance during
dye uptake, decreased fiber strength and increased breakage during processing, defects in the
fabric and waste during textile and yarn manufacture. Immature fiber also causes neps, which
are little knots of entangled fibers that develop in yarns and can be seen as fabric defects.

There are two primary factors that influence the fineness of a fiber, the genetically
determined fiber perimeter, and the developmental maturity of the fiber, which has both a genetic
component as well as a very large environmental component. We use perimeter to describe the
width of a fiber because after the boll opens and fiber cells begin to dry out, the fiber cell
collapses on itself, transforming from a circular cross section, to one that resembles a half or
quarter moon. After primary cell wall formation of the cotton fiber cell, successive layers of
crystalline cellulose are deposited to the interior forming the secondary cell wall. The degree to
which the secondary cell wall is thickened by these successive layers of cellulose determines
what is generally referred to as fiber maturity. Assuming fiber perimeter is constant for several
fiber samples, one with low maturity or low levels of secondary cell wall deposition will have
weak fibers that will create a weak yarn. Fiber with very high maturity and overly thick
secondary cell wall deposition will result in fibers that do not collapse in on themselves when the

fiber cells dry out, thus creating a fiber that is circular in cross section that does not spin well and
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creates a weak yarn. Fibers with optimum maturity have sufficiently thick secondary cell walls,
have strong fibers that still collapse after drying, and are spun to create strong yarns.

Fiber fineness measurement is most commonly conducted during HVI and AFIS analyses
though a few other techniques are used at lower frequency. HVI attempts to quantify fineness
and maturity together through micronaire (MIC) reading. MIC is achieved by applying a
standardized amount of pressurized air to a standard weight of fibers, the resistance of that air
caused by the sample of fibers gives us the MIC value. Thinner fibers provide more resistance to
air flow than coarse fibers. This measure is confounded however, by fiber maturity, which can
also influence MIC. Immature fibers are improperly considered fine fibers, whereas overly
mature fibers are considered to be coarse. Immature fiber, which generally has low MIC values
less than 3.5 cause neps and weak spots in the yarn, as well as reduced dye-uptake due to the
limited cellulose deposition. High MIC cotton, which is usually considered to be >5.0, generally
does not spin well and cannot be used to produce high quality yarns (Hake, et al., 1996). If
relative fiber or crop maturity is known, for instance, if one has a check variety with which to
compare readings, then one can ascertain the relative level of maturity or fineness using MIC.
Without any information regarding maturity or fineness, cotton with low MIC, can result from
immature fibers or fibers that are inherently fine (May, 1999). Coarse fibers, or thin fibers with
excessive secondary cell wall thickening are represented by high MIC readings (Hsieh, 1999).
Therefore, HVI MIC is an imperfect measurement of fiber fineness.

Cross-sectional analysis of cotton fibers is the most accurate method to determine
fineness and maturity and the international standard (Adedoyin, et al., 2011), however, it is labor
intensive, slow, and very expensive (Paudel, et al., 2013). AFIS fineness (FINE) and maturity

(MAT) readings are determined by measurements taken on individual fibers. The machine
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analyzes light reflected off fibers flowing past optical sensors, which it uses to determine
circularity of the fiber and cross-sectional area from which maturity or degree of secondary cell
wall thickening is calculated (Bradow, et al., 1996). The cottonscope method, which has gained
some level of notoriety in recent years, is an automated system that produces snippets of fibers
from a sample and suspends these snippets in water. Several images of the suspension are taken
and are analyzed to determine maturity and fineness. The cottonscope gives highly correlated
results to cross-sectional image analysis, however, it too is time consuming and expensive

(Paudel, et al., 2013).

Foreign Matter and Trash Content
Although foreign matter and trash content are not fiber quality parameters intrinsic to the cotton

fiber themselves, it can be considered a fiber quality parameter of a cultivar, a region, or an
individual bale. Foreign matter and trash content are very important to textile manufacturers,
and as such should be treated as an important aspect of cotton fiber quality. Due to the highly
automated nature of cotton processing, one of the biggest problems for spinners is cleanliness of
the raw product and high foreign matter content (ITMF, 2014). Keeping trash and foreign matter
levels to a minimum should be a goal of breeding programs, production systems, and ginners as
well as spinners and weavers.

Common contaminants include leaf, bark and stem particles, burs, seeds, seed fragments,
motes, grass, sand, oil and dust. The majority of these contaminants are removed during the
ginning process, however, not all of it can be affectively or efficiently removed entirely by
mechanical cleaning. Thus, spinners end up with contaminated materials, which cause

significant problems at the mill. The recent past has seen some improvement in lint cleanliness,
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however, the most recent survey conducted by the International Textile Manufacturers
Federation (ITMF), indicates increases in cotton bale contamination.

Traits such as leaf shape and leaf pubescence can have a significant effect on leaf trash.
Both of which are highly heritable traits controlled by few genes, and have been shown to
significantly reduce motes, small-leaf trash, and improve grades (Novick, et al., 1991). These
results suggest that selecting for smooth or semi-smooth leaf and okra leaf shapes should

improve lint trash from leaf material.

Genetics of Fiber Quality
Each of the major fiber quality properties discussed previously are under some level of genetic

control, however, they are quantitative traits that exhibit a great deal of variation in their
phenotypic expression. Each of these traits are controlled or at least influenced by many genes,
thus the environment in which they are grown plays a large role in their expression. Heritability
is the fraction of this phenotypic variance that is controlled solely by genetic variance, and
studies have shown that fiber quality traits tend have a higher heritability than such traits as
yield.

Fiber length, which can be measured a number of different ways as discussed
previously, has a generally high level of heritability. In May’s extensive review (1999), it was
pointed out that genetic variance is generally higher than non-genetic variance for fiber length
(May, 1999). Most of the research done to date has shown that Additive genetic variance is
usually higher than non-additive variance (Green and Culp, 1990; Miller and Marani, 1963;
Miller and Rawlings, 1967; Tang, et al., 1993). Quisenberry (1975) and May and Green (1994)
found non-Additive genetic variance to be larger than additive variance for length in the

populations used in their experiments (May and Green, 1994; Quisenberry, 1975). However, as
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in the case of May and Green (1994), May (1999) suggested that this could have been due to an
exhaustion of additive genetic variance in the Pee Dee breeding program due to several decades
of selection for fiber length. In measuring response from selection, both mass selection and
pedigree-based selection were successful in increasing genetic gain (May, 1999). In an
examination of multi-year, multi-site variety trials, Campbell and Jones (2005) found that the
environment (E) explained 47% of the total variation for fiber length, but that genotype (G), and
the interaction of genotype by environment (G x E) explained 45% and 8%, respectively. The
high heritability of fiber length, especially UHML, would suggest that extensive environmental
replication, like that which is typically done for yield testing, is probably unnecessary and gains
can be made through breeding without extensive replication.

Genetic variation for fiber length uniformity, as measured by Ul and UR does exist,
however, the environment plays a large role in its expression, but not so much that it limits gains
from selection (Meredith Jr, et al., 1996; Meredith, et al., 1991). Of the genetic variance
reported in May and Green (1994), 80% was attributed to additive genetic variance, and 20% to
additive x additive genetic variance, giving further evidence that selection should be effective in
improving length uniformity. SFC, and the genetics underlying this complex trait is poorly
understood. It has been suggested that breakage during ginning and textile processing due to
weak fibers could be a large cause of SFC (Behery, 1993). FBS and SFC by weight (SFCw),
indeed showed a negative correlation of -0.25 in an interspecific G. hirsutum x G. barbadense F2
population (Mei, et al., 2004). Jiang et al. (1998) identified a QTL for SFCw in an interspecific
mapping population that explained 14.7% of the total variance for the trait (Jiang, et al., 1998).
However, in a G. hirsutum intraspecific population, Meredith et al. (1996) showed little if any

correlation between FBS and SFC (r-=-0.02). These conflicting results could be due to
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population composition, i.e., inter- vs. intraspecific populations. Additionally, breeding studies
on SFC are confounded by the lack of mechanical cleaning steps on laboratory gins, which likely
causes us to underestimate SFC. Ul, UR, and SFC, while components of fiber length, seem a
little more difficult to modify than UHML, however, as mills are beginning to put more pressure
on the industry to provide a more uniform product, these components of fiber quality will likely
become more important.

FBS is largely under genetic control with low GXE interaction, mainly additive genetic
effects, and high heritability (May, 1999). Estimates of the number of genes controlling FBS
have ranged from 5 to 14 genes (Self and Henderson, 1954; Tipton, et al., 1964), evidence of the
trait’s quantitative nature. There are likely many more genes affecting the trait as mapping
studies to date have identified several QTL in various populations that affect FBS. Interestingly,
in a few examples, FBS has been shown to be controlled by few major genes, however, these
examples all involve Beasley’s Triple Hybrid (Beasley, 1940a) somewhere in their pedigree
(May and Green, 1994; Meredith Jr, 1992; Meredith, 1977; Richmond, 1950). It is likely that
this source of FBS derived from Beasley’s Triple Hybrid, a three-species interspecific hybrid, is
novel to G. hirsutum. If there occurs little or no variation in G. hirsutum germplasm, any allele
of interspecific origin would produce a large effect on the phenotype. It also presents an
interesting possibility of being a novel locus, heretofore unrepresented in G. hirsutum germplasm
before the introgression from G. thurberi and G. arboreum. The negative correlation between
FBS and yield (Culp and Green, 1992; Culp, et al., 1979) have made improvement of the
commercial crop difficult for breeders whose primary customer are the growers, who require
quantity over quality of fiber. The market is, however, moving toward improvement of fiber

quality being a major concern, which will impact growers increasingly in the future.
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Interestingly, HVI measurement of FBS is unable to differentiate small differences in FBS
between experimental lines (Cooper, et al., 1988; Green and Culp, 1988). This is an important
limitation to consider in breeding for improvement of FBS because these small differences are
within the range of improvement made by breeders over the course of years of selection, and
could be potentially limiting sustained genetic gain for this trait. Because of this limitation in the
ability of HVI to discriminate minor differences, it might be important to replicate over large
numbers of replications and environments in contrast to UHML determination.

An important trait especially for open-end yarns, fiber ELO, or the amount a fiber
stretches before breaking, improves yarn evenness, strength and hairiness, and improves the
yarn’s resilience to weaving and textile production (Backe, 1996). HVI ELO is highly correlated
with yarn work-to-break, which is indicative of a yarn’s performance during processing and
textile manufacture (Faulkner, et al., 2012). Ring-spun yarn performance was found to benefit
from higher ELO values, with significant though moderate to low correlations with yarn
evenness, hairiness, and breaking elongation with r=0.162, 0.211, and 0.202, respectively (Bedez
Ute and Kadoglu, 2014). Interestingly, in the same study, yarn tenacity of ring-spun yarn was
negatively correlated with ELO (r=-0.353). ELO, like length and FBS is under a high degree of
genetic control, with genotypes generally exhibiting more control over ELO values than GXE or
E (May, 1999). In the studies reviewed by May (1999), ELO exhibited primarily Additive
genetic variance though some exceptions did occur. Thus, due to the highly heritable nature of
this trait and Additive genetic variance, it is safe to conclude that phenotypic selection is
sufficient for sustained improvement of this fiber quality parameter. Though standardization of

the measurement is sorely needed for improved comparability.
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Fiber fineness determines the spin limit of a yarn, that is, the finest yarn count that can
be spun with an acceptable level of yarn quality and ends down (Faerber and Deussen, 1994).
Finer fibers have greater fiber to fiber contact or “cooperation” in the yarn, which allows for a
lesser yarn twist requirement, which in turn increases yarn production speeds at the factory
(May, 1999). The improved yarn and textile performance imparted by fine fibers, makes fiber
fineness a coveted trait among cotton breeders. Fineness, as measured by AFIS, more accurately
depicts the genetic variance of the trait rather than non-genetic variance (Meredith Jr, et al.,
1996), and is less impacted by environmental variance or other non-genetic factors which is the
case for MIC (Meredith and Whitten, 1994). Roughly half of the experiments reviewed by May
(1999) showed that non-genetic factors influenced MIC reading more than genetic factors.
Draye et al. (2005) identified several QTL for FINE in an interspecific mapping population, but
very few for MIC in the same population, giving further evidence of the highly heritable nature
of FINE and its superiority for determining fiber coarseness over MIC. Because MIC is a
measure of both fiber diameter as well as maturity, the reading can be confounded, so without
knowing relative maturity of the fibers, it is not possible to discriminate low MIC cotton as being
due to fine fibers, due to immature fibers, or a combination of both. Likewise, high MIC cotton
can be due to coarse fibers, excessive secondary cell wall deposition, or a combination of both.
This makes MIC readings difficult to interpret in studies attempting to determine the genetic
underpinnings of fiber fineness or maturity. Considering these factors, it would likely be more
helpful to consider the individual components affecting MIC readings, that is, fineness separately
from maturity by using AFIS rather than HVI when these traits are considered. However, due to
the ubiquity, speed and relatively inexpensive HV1 analysis, MIC has largely been relied on for

improving fiber fineness (May, 1999). Given its shortcomings, MIC is mostly influenced by

18



Additive genetic variation, and has reasonably high heritability estimates, and as such, has been

effective in improving fiber quality through selection over the years (May, 1999).

Evolutionary History of the Gossypium Genus
Upland cotton is a member of the family Malvaceae, which contains the mallows. The

Gossypium genus is one of great species diversity and range, consisting of 52 distinct species
distributed globally (Fryxell, 1992), the beginnings of which occurred some 5-15 million years
ago (mya) (Wendel and Cronn, 2003). Almost exclusively, except for those species grown under
cultivation, members of this group occur in the tropics or sub-tropics, and exist as perennials.
Only under cultivation can members of this group be considered annual, and that, only because
they are grown in such a way that annual behavior is forced. If allowed to grow as they please
without the risk of freeze, they would decidedly behave as a perennial. This unique genus has an
interesting evolutionary history reflected in its diversity both in morphology as well as cytology,
though these topics are only briefly discussed here.

Of the species comprising this diverse genus, most are diploid (2n=26), and have the
genome group designations A-G, and K (Endrizzi, et al., 1985). Groups with differing genome-
group letters indicate their lack of inter-fertility. A great amount of cytological work was
conducted on this genus in the mid-20" century, and from it came understanding of the
relatedness and structural compatibility of many of these diploid and polyploid genomes as well
as the evolutionary history of the genus. Much of this work was done by Beasley (1942),
Skovsted (1933, 1934, 1935, 1937) and Webber (1935, 1939) . Their work focused on making
calculated crosses of the various combinations of species to determine the inter-compatibility of
the species, which determined the members of the various genome groups and how the

polyploids related to each other and to the diploid progenitor species.
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Species from the A genome group include G. arboreum and G. herbaceum, both of which
are native to the African and Asian continents, and were independently domesticated by early
agriculturalists. These two diploid species have had considerable history of cultivation, although
today, they are not grown on a large industrial scale. They are the only examples of cultivated
diploid species of the Gossypium genus. The D genome group includes 13 New World diploid
species, most notably G. raimondii, which is believed to be one of the precursors of our modern-
day cultivated allotetraploid species. The other diploid groups vary a good deal and include
several species like the D- and K-groups - containing 12 and 13 species respectively - to those
with very few, as is the case for the F-group which contains only one species, G. longycalyx of
East Africa (Wendel and Cronn, 2003).

The Gossypium genus is believed to have originated some 5-15 mya, and quickly
diversified into the extant genome groups. At the base of the phylogenetic tree, occurred the
split of the New (D-genome) and Old World (A-genome) cotton species. It is understood that
these A- and D-genome groups represent the earliest divergence of the genus, after which
subsequent divergence events occurred. The diploid groups can be sub-divided by the continents
in which they inhabit, giving us an idea of their lineages. The Australian diploid Gossypium
species include those from the C-, G-, and K-genome groups, the Americas include only the D-
genome species, and the Africa/Arabia/Asia group which consists of genome groups A, B, E and
F (Wendel and Cronn, 2003).

Between 1.3 to 1.7 mya in the New World, the hybridization of a diploid D-genome
species occurred with an Asiatic A-genome cotton species that likely made a trans-oceanic trip to
the land-masses of the New World (Beasley, 1940a; Senchina, et al., 2003; Skovsted, 1934b;

Skovsted, 1937a). This chance hybridization initiated a polyploidy event that gave rise to what
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is now our AD-genome, allotetraploid cotton species, including the widely cultivated G.
hirsutum and G. barbadense most notably, but also the non-cultivated species G. tomentosum, G.
darwinii, G. mustelinum, G. ekmanianum, and G. stephensii. The serendipitous event or series of
events that led to the marriage and duplication of the A and D genomes are especially intriguing
in that there does not exist an A-genome diploid in the New World today. There exists only D-
genome wild diploid cottons and allotetraploid AD-genome cotton species. D-genome species
include G. gossypioides, which is thought to be an early member of the American D-genome
diploids, as well as G. raimondii of Peru and G. klotzchianum of the Galapagos Islands.
Although there is some debate as to the exact circumstances, it is generally accepted that G.
raimondii (Gerstel and Sarvella, 1956; Phillips, 1962; Phillips, 1963; Sarvella, 1958) or a closely
related ancestor served as the D-genome donor and G. herbaceum the A-genome donor (Gerstel,
1953) in this fortuitous merger. It is not clear how a distant relative of G. herbaceum would have
made it to the New World, however, it could have been accomplished by traveling across what is
today the islands of Polynesia, then on to Central or South America. What is really interesting is
that there exists no examples today of any relative of the G. herbaceum individuals that traveled

the Pacific.

Consequences of Polyploidy

Polyploidy in plants

Polyploid formation is a common occurrence in the history of plant evolution and has likely been
a driving force of diversification. Fossil evidence has suggested polyploidy existing in plants at
rates of up to 70% of all angiosperm species (Masterson, 1994). More recently, genomic

analyses and study have revealed that an ancient polyploidy event occurred prior to the global
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radiation of angiosperms, suggesting that all flowering plants are essentially ancient polyploids
(Bowers, et al., 2003; Jiao, et al., 2011).

The possible mechanisms by which a polyploid genome is created are varied. Several
previous studies have shown that in some cases, when an interspecific hybridization occurs,
triploid progeny are created in the F1 or F2 (Hollingshead, 1930; Jones and Bamford, 1942;
Muntzing, 1930; Muntzing, 1932; Skalinska, 1945; Thompson, 1931). Self-fertilization, or
backcrossing to one of the diploid parents can then lead to a tetraploid individual. This concept
has been called the triploid bridge by Ramsey and Schemske (1998) (Ramsey and Schemske,
1998). Allotetraploids have also been documented coming directly from an interspecific cross of
two diploids in the F1 (Hahn, et al., 1990; Levan, 1937; Nagaharu, 1935) and/or F2 generation
(Buxton and Newton, 1928; Levan, 1941). Another mechanism lies in the production of
unreduced gametes, which has been shown to occur at rates of 0.5% per gamete, which is quite
surprising considering the number of gametes produced in a life cycle (Ramsey and Schemske,
1998). These unreduced gametes can then go on to hybridize with or form a closely related, but
distinct species. This is especially likely between species where the diploid genomes are
sufficiently different that the homeologous chromosomes will not pair during meiosis. The
inability to pair during meiosis can then lead the hybridized plant to produce unreduced gametes,
and thereby polyploid progeny at high rates (Ramsey and Schemske, 2002). Certainly it is
possible that other avenues might exist for the genesis of a polyploid, however, these present the
most likely explanations and are given credence by having been observed in synthetically
produced polyploids.

Phenotypically, polyploid plants are not always larger structurally than their diploid

relatives, but individual cell sizes are indeed usually larger (Otto and Whitton, 2000). The
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formation of a new, polyploid organism often results in an unstable genome that undergoes
major changes including reorganizations, structural changes, major deletions and duplications
(Wendel, 2000). In synthetic polyploids of Brassica, wheat, and Arabadopsis, major
chromosomal rearrangements and total fragment losses have been documented (Chen and Ni,
2006; Song, et al., 1995). Changes in gene expression and gene silencing have been shown to
occur (Adams and Wendel, 2005; Chen and Ni, 2006; Comai, 2005; Lee and Chen, 2001; Liu, et
al., 1998). Genomes under stress, such as those going through a polyploidy event, are prime
candidates for the activation of latent transposable elements (McClintock, 1983), and other genes
as well (Kashkush, et al., 2003; O'Neill, et al., 2002).

This instrument of genomic change can have a range of consequences on a newly formed
polyploid, or neopolyploid. First of all, changing the genomic context in which genes occur has
the potential to greatly increase the phenotypic variability within a neopolyploid population
(Otto, 2007). It can also result in new combinations of phenotypic traits from two previously
ecologically isolated species, allowing the neopolyploid to fit a previously unused or
underutilized niche. These can include previously glaciated regions, or areas in which two
closely related species have recently been introduced and where competition is limited
(Brochmann, et al., 2004; Stebbins, 1984).

The additional copy of a genome inherent in polyploids allows for the masking or
dilution of deleterious mutations that might accumulate over time (Stebbins, 1971). This allows
the mutation to persist in a population, which can either be detrimental or it can allow for further
mutations to accumulate. The redundant genes that exist in neopolyploids have been shown to
offer some advantage to fitness (Kafri, et al., 2006), and selection seems to preserve these

redundancies (Hughes, 1994; Kondrashov, et al., 2002). Polyploidization is a common form of
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mutation, important in species diversification and evolution, the result of which leads to
“ecologically distinct lineages that are able to persist”(\Vamosi and Dickinson, 2006).
Polyploidy in Gossypium

The fortunate encounter of an Old World, A-genome diploid, similar to G. herbaceum with a D-
genome diploid species resembling G. raimondii in the New World resulted in what are now the
highly prized allotetraploid, AD-genome cotton species, G. hirsutum and G. barbadense. The
doubling of the genome that occurred and the ensuing diversity that it would have created, looks
to have provided some unique opportunities on which natural and artificial selection could act
(Jiang, et al., 1998; Wendel and Cronn, 2003). At least one example of this is the modification
in gene expression that has resulted in the unusually high cellulose content of cotton fibers in the
allotetraploids (Paterson, et al., 2012).

The tetraploid cotton species of the New World were the subject of much investigation in
the 1920s and 1930s. It was Skovsted (1934) who initially concluded that cultivated cotton was
an amphidiploid, created by the merger of an Asiatic A-genome species with a D-genome New
World species (Skovsted, 1934b). Other researchers had noticed that the large chromosomes of
the Asiatic species, G. arboreum and G. herbaceum would form 13 bivalents with the 13 large
chromosomes in New World tetraploids, however, it was Skovsted (1934) who first postulated
that the tetraploids were likely the product of a merger between an A-genome and D-genome.
He reached this conclusion by observing chromosome behavior during meiosis in hybrids of A-
genome diploids with AD-genome tetraploids, and noticed that the larger A-genome
chromosomes formed bivalents with the larger chromosomes of the AD-genome, and smaller
chromosomes from the D-genome always paired with the smaller chromosomes of the AD-

genome (Skovsted, 1934a; Skovsted, 1934b; Webber, 1934).
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Shortly after Skovsted’s observation, came the creation of the first synthetic tetraploid
produced from crossing G. arboreum (A-genome) with G. thurberi (D-genome) followed by
doubling the chromosome number with Colchicine. The production of a stable, true-breeding
allotetraploid was achieved independently by two labs at about the same time (Beasley, 1940b;
Harland, 1940) . Using a very targeted, inter-specific crossing scheme, Beasley was able to
eliminate all other possible sub-genome contributors to the New World tetraploids (Beasley,
1942). Other researchers during this time demonstrated that the sub-genomes were of A- and D-
genome ancestry by showing the homology of loci due to the common origins of the genomes
(Harland, 1937; Harland and Atteck, 1941; Silow, 1946). The conclusion that G. raimondii was
the most closely related D-genome diploid species to the D-subgenome of the tetraploids was
reached by Stephens (1944a,1944b) and further supported by Hutchison (1945, 1947). Soon
after, G. herbaceum was confirmed as the most closely related A-genome diploid as it’s
chromosomes formed bivalents at a higher frequency with the A-sub-genome of the tetraploids
(Gerstel, 1953; Menzel and Brown, 1954).

Some interesting things occurred after polyploidization of the New World cottons. Gene
conversion of homoeologues from A to D versions of genes was common in the neopolyploid,
which might have contributed to the success of these new species (Guo, et al., 2014). The bias
toward D allele conversion in tetraploid G. hirsutum could be due to the increased fitness of the
D-alleles, or simply to higher frequency of outcrossing of the neopolyploid to the native D-
genome diploids (Paterson, et al., 2012). Evidence of outcrossing of the neopolyploid could be
contained in the New World, D-genome diploid, G. gossypioides, which has repetitive DNA
specific to the A-genome Asiatic species (Paterson, et al., 2012), and cytoplasmic DNA evidence

(Wendel et al., 1995). Alleles from the D-genome account for more genetic variation seen in
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fiber traits for both G. hirsutum and G. barbadense (Jiang, et al., 1998; Reinisch, et al., 1994).
This idea is especially interesting since G. herbaceum, the A-genome contributor produces
spinnable fiber, whereas G. raimondii does not. A similar example of the D-genome
contributing to fiber traits lies in “Beasley’s Triple Hybrid,” the result of crossing G. thurberi
(D-genome) x G. arboreum (A-genome), doubling the chromosomes with Colchicine, and then
crossing the artificial tetraploid with a G. hirsutum variety (Culp and Slafer, 1994). This triple
hybrid is believed to be the source of improved fiber strength in a great deal if not all of
American cotton germplasm, and the genes imparting that improved fiber strength, are thought to
have come from G. thurberi, the D-genome species that lacks spinnable fibers (Niles and

Feaster, 1984). Polyploidy indeed created unique and serendipitous avenues for selection in G.

hirsutum and G. barbadense, both natural and artificial.

Domestication of G. hirsutum and G. barbadense
The Gossypium genus presents a truly remarkable example of plant domestication by humans in

that four geographically isolated and unique species were domesticated by four isolated groups
of people during nearly the same period for essentially the same purpose, the production of
useful fiber. Archaeological evidence of cultivation for the Asiatic/African species, G.
herbaceum and G. arboreum, can be traced back to at least 4,700 years ago (Chowdhury and
Buth, 1971). G. barbadense was originally domesticated in and around the Peruvian Andes
somewhere between 4000 and 5000 years ago (Westengen, et al., 2005), and G. hirsutum in the
northern Yucatan peninsula around the same time (Brubaker and Wendel, 1994; d'Eeckenbrugge
and Lacape, 2014; Wendel, et al., 1992). Some interesting archaeological evidence exists that
could push the date back a little further. For instance, some G. barbadense remains have been

found in house floors and hearths in northern Peru that are over 5500 to 6000 years old. Along
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with other crop plant evidence like peanut and cucurbits dating back to 9000 years found in this
same area, it would suggest that the G. barbadense was utilized in an agricultural capacity,
perhaps suggesting an older domestication (Dillehay, et al., 2007). Archaeological remains of
G. hirsutum dating back to 4000 to 5000 years ago, exist as already cultivated forms (Smith and
Stephens, 1971) in areas where the crop was introduced (Wendel, et al., 1992), suggesting that
this date could be pushed back further too, especially if the previously discussed evidence of G.
barbadense is considered.

For many crop plant species, the center of their origin is not always their center of
diversity, as espoused by Harlan (1992). Wendel et al. determined the original source of today’s
productive Upland cotton as southern Mexico and Guatemala (1992), which is counter to the
previously accepted origin of Upland cotton which was the Mexican highlands. It is likely that
today’s cultivated Upland can be traced back to these Mexican highland types, however, their
earlier origin can be placed in southern Mexico and Guatemala. The first examples of
domestication were likely carried out by Pre-Columbian Americans of the Yucatan peninsula
(Brubaker and Wendel, 1994). These Yucatan-derived plants would have then radiated out from
the peninsula across the arid subtropics of Mesoamerica, the Caribbean, and northern South
America (Brubaker and Wendel, 1994). Native or wild populations of G. hirsutum exist today as
members of coastal ecosystems (Fryxell, 1979), but Hutchison (1951), and Stephens (1958),
argue that these are feral, re-established forms of semi-domesticated types. However, according
to genetic comparisons using restriction fragment length polymorphism (RFLP), Brubaker and
Wendel propose that these littoral types are truly wild and that the inland forms are likely feral or

early domesticated types (Brubaker and Wendel, 1994). These inland populations almost always
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occur in association with the presence of humans, also suggesting their semi-domesticated status
along with the RFLP analysis (Brubaker and Wendel, 1994; Hutchinson, 1951; Stephens, 1958).

G. barbadense has a wide range across the tropics of South America, and in many areas,
overlaps with G. hirsutum in the Caribbean and northern parts of South America, occurring as
“dooryard” or “commensal” plants in these regions (Brubaker, et al., 1999; Wendel and Cronn,
2003). Like its cousin G. hirsutum, it can be difficult to differentiate wild, feral or domesticated
forms of G. barbadense within its naturally occupied range. Amplified fragment length
polymorphism (AFLP) marker diversity analyses pinpoint the primitive domestication center of
G. barbadense as northwestern Peru and southwestern Ecuador (Westengen, et al., 2005),
fortifying the conclusions previously reached based on archaeological evidence (Piperno and
Pearsall, 1998; Rossen, et al., 1996). Field studies have supported the center of diversity and the
center of origin to be the same with a high number of primitive types in coastal, northwestern
Peru (Fernandez, et al., 2003). G. barbadense would have radiated and been transported out into
Colombia, Venezuela, the Caribbean, and the Pacific islands. A great deal of diversity still exists
in G. barbadense wild populations along the northern Peruvian coast (Westengen, et al., 2005).
Primitive forms of G. barbadense often include arborescent growth habit, small, undesirable boll
types, and colored lint in varying shades of brown. As G. barbadense radiated out from its core
area, it became more domesticated, the lint became more white, and the kidney-seeded and tufted
traits were favored for their ease in hand-ginning (Brubaker, et al., 1999; Turcotte and Percy,
1990).

Selection by early Americans probably reflected the observations made by Cook (1905)
of some post-Columbian natives in Guatemala shortly after the turn of the century. He observed

people intercropping cotton and peppers. The perennial shrubs were harvested as soon as the
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first bolls were open in the field, after which the plants were removed to provide more room for
the peppers to grow (Cook, 1905a, 1905b). Selection such as this for earliness would have
contributed significantly to the annualized habit of modern G. hirsutum (Cook, 1905b). Early
maturing plant types would have been preferred by peoples living in the highlands of central
Mexico, and thus, similar selection practices likely took place by these people, further
domesticating and improving this plant species. This rigorous selection for earliness in the crop
would have caused a severe restriction in the genetic diversity of these early progenitors, in what
has been referred to as “catastrophic selection” pressure (Lewis, 1962).

The effects of domestication on this crop species have been significant at the phenotypic
level, and accordingly, great change has occurred at the molecular level. Most important of
course is the limited genetic diversity that domestication created in the germplasm pool, the topic
of which will be discussed further in a later section. Transcriptome analyses using RNA-seq
methods have shown significant shifts in expression patterns including a prolonged fiber
elongation phase (Applequist, et al., 2001), as well as a radical redirection of plant resources
from stress response pathways toward fiber production pathways and overall plant growth (Yoo
and Wendel, 2014). Extensive changes to molecular networks within the plant have also been
caused by domestication (Chaudhary, et al., 2008; Hovav, et al., 2008a; Rapp, et al., 2010; Yoo

and Wendel, 2014).

Early Breeding History of G. hirsutum

In the late 18" and early 19" centuries, around the American Revolution, cotton cultivation in the
southeastern United States consisted of two types of cotton, “Georgia Green Seed” and “Creole
Black Seed” types (Moore, 1956). Green seeded cotton varieties, G. hirsutum, had short, coarse

lint, high yield and good disease resistance as compared to the long and fine fiber of the smooth
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black seed types, G. barbadense. The Creole Black seed cottons were not very productive and
the Georgia Green Seed types were more difficult to gin by hand, which was the processing
technology of the time (Affleck, 1851; Stephens, 1958; Wailes, 1854). Eli Whitney’s invention
of the cotton gin allowed the green seeded biotypes to be more efficiently mechanically
processed, and as a result, these cultigens predominated until the Mexican highland stocks were
introduced to the US (Brown and Ware, 1958; Moore, 1956; Niles and Feaster, 1984; Wailes,
1854; Ware, 1951).

Introductions of the Mexican highland types to the United States occurred in the early
and mid- 1800s, especially after the Mexican American War in 1846 to 1848. These highland
stocks contributed to a shorter growing season, higher yields, better disease resistance, longer,
finer fiber, and improved ease of harvest (Moore, 1956; Wailes, 1854). Thus began the focused
improvement of American Upland cotton germplasm. Selection and beneficial outcrossing
among selections and cultivars of these new highland types led to the high-yielding American
Upland cotton varieties of the early 1900s (Endrizzi, et al., 1985). The infestation of the boll
weevil in the early 1900s led to further concerted introductions of Mexican germplasm as
breeders and growers sought to develop earlier maturing varieties that could develop a mature
crop before weevil populations could reach catastrophic levels each season (Niles and Feaster,
1984; Ware, 1951).

The turn of the century also saw a more targeted approach to cotton variety development.
There was a more concerted effort to produce cultivars adapted to the various macro-
environments of the US Cotton Belt such as the Acala SJ4, Plains, Delta, and Eastern types
(Meredith Jr, 1991; Niles and Feaster, 1984). Acala SJ4 type cultivars are grown primarily west

of Texas, such as New Mexico and California. They are largely based upon the Mexican stocks
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from Acala SJ4 and Tuxtla, Mexico (Chiapas), with some degree of influence from Beasley’s
“Triple Hybrid,” as well as some G. barbadense germplasm (Meredith Jr, 1991; Niles and
Feaster, 1984; Ware, 1951). Acala SJ4 cotton varieties are well known for their excellent fiber
characteristics. In North and West Texas the Plains type cultivars are grown, which are
distinguished for their short stature, early season maturation, and their tight, storm and wind
proof boll. These cultivars were derived from a variety called “Big Boll Stormproof” collected
in Mexico in the 1850s (Niles and Feaster, 1984; Ware, 1951). The Paymaster group includes
“Kekchi” germplasm collected in Guatemala by Cook (Cook, 1905a). The Delta cultivars,
grown primarily in the Mississippi Delta as well as Beltwide, were developed from pre-1900
cultivars such as “Lone Star,” which was derived from some 1860 and 1880 introductions from
Mexico (Ramey, 1966; Ware, 1951). Delta and Pine Land, and Stoneville were early cotton seed
companies that bred directly for the Mississippi Delta region. The fertile, uniform soils of the
Delta were excellent grounds on which to breed, leading to many outstanding varieties that were
grown across the belt and prized for their wide adaptability. The Eastern cultivars were largely
made up of Coker germplasm, which includes many selections from the 19" and 20" century
Mexican introductions, including some possible G. barbadense introgression (Niles and Feaster,
1984). Itis interesting to note here that the cotton grown in these macro-environments show
some phenotypic diversity, however, molecular dissection of these relationships tell us a
different story. These 4 biotypes actually show a great deal of genetic similarity, and while
modern breeding has improved cotton yields and quality substantially, the limited genetic
diversity in the US germplasm pool could be limiting our genetic gain.

Early advances in breeding in the US consisted largely of mass selection within existing

varieties. Fortunate outcrossing and co-mingling of introduced cultigens resulted in some lucky
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advances in early variety development (Calhoun, et al., 1994). The first appreciable application
of Mendelian principles in cotton breeding occurred with Balls’ study of the inheritance of lint
color in G. barbadense (1907). Similarly, Shoemaker examined the inheritance of the okra leaf

trait in G. hirsutum (1909), and the inheritance of red leaf coloration by McLendon (1912).

Genetic Diversity Within Gossypium
Genetic diversity is of critical importance to improvement of a crop species, without which

genetic gain is limited and not sustainable. Diversity can provide a buffer against unforeseen
limitations to production such as disease epidemics, pest introduction, or severe weather
limitations. For an example of great loss due to lack of diversity, we need look no further than
the corn leaf blight epidemic in the United States of the 1970s. The disease wiped out an
average of 20-30% of the national crop, resulting in a loss of nearly one billion dollars, which
today would be worth over six billion dollars. This loss was due to the overwhelming use of a
single cytoplasmic male-sterile line or a close relative as the seed parent for 85% of the nation’s
hybrid corn seed (Ullstrup, 1972). Following this crisis, breeders have been much more vigilant
about maintaining appropriate levels of diversity.

The specter of significant loss to abiotic and biotic stressors is sufficient reason to foster
diversity within the germplasm base, however, additional economic incentive exists; the
potential for genetic gain and the improvement of the quality and yield of the crop. Around the
turn of the 21% century, cotton breeders and agronomists began to notice a downward trend or
“plateau” in yield and fiber quality (Helms, 2000; Lewis, 2001; May, et al., 1995; Meredith, et
al., 1997). These authors all attributed this trend to the limited diversity within the crop. Some
of the downward trend that they noticed was likely due to the introduction of transgenic crops in

the mid-1990s. As transgenic traits were introgressed primarily through backcross methods,
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genetic gain was limited. It took a significant amount of time for the linkage drag due to trait
introgression to be overcome. This phenomenon, however, does point to the problems that we
can incur when diversity is not utilized.

Because breeders usually cross only the most elite materials in the development of new
varieties, breeding materials become genetically quite similar as desirable phenotypes are
identified and retained for further interbreeding. In addition to the diversity reduction due to
breeding activities, the crop’s history of origin also plays a large role.

Among the most important contributing factors to the limited diversity we see today in
Upland cotton is domestication by man (Igbal, et al., 2001). Like other crop species,
domestication had severe consequences to the diversity of the cultivated form of the crop. The
rigorous selection protocol, whether direct or indirect, that was likely practiced by early
agriculturalists would have improved the annual habit of early Upland, probably reduced seed
dormancy, and improved crop earliness, similar to the practices of the Kekchi Indians observed
by Cook (1905a,1905b). This same selection practice would have severely limited the genetic
base of the crop as crossing schemes would not have been implemented, simply recurrent mass
selection from the same material. The only outside source of variation would have been the
sharing of seeds and chance outcrossing. These early maturing domesticated types gave rise to
the “Yucatanense” Upland cottons, which would have been prized by the inhabitants of the
Mexican Highlands in south central Mexico. All existing examples of cultivated Upland cotton
can be traced back to documentation that points to their origin as the Mexican Highland stocks,
however, molecular genetic examination has shown that the Highland stocks were derived from

the Yucatanense types, and are therefore considered the progenitor form of today’s cultivated
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Upland cotton. This very limited origin suggests that inherent diversity within cultivated forms
of the crop is extremely limited.

Since the birth of modern cotton breeding in the early 1900s, there has been a focus on
producing cultivars that are regionally adapted, as the cotton belt in the US exhibits diverse
growing environments. These regional cultivars show little diversity within their group, but do
show some dissimilarity between regional groups, suggesting some “built-in” diversity (Wallace,
et al., 2009). The US cotton belt can be split into 4 primary macro-environments. In southern
California and the desert southwest, the Acala SJ4-type Upland cottons are preferred, in the
Texas High Plains, stormproof types, in the Mississippi Delta they prefer the ‘Delta’ type
varieties, and in the Southeastern US, the Coker and Delta types are preferred. Perhaps an
unintended benefit of this regionality is that significant economic losses due to some biotic or
abiotic stress event would impact a region forcefully perhaps, but not likely the whole cotton
belt. Allozyme analysis, however, between examples of these seemingly disparate groups of
cultivars have shown limited genetic diversity (Wendel, et al., 1992). This could be due to the
limited number of allozymes available at the time of the study.

Calhoun et al., (1994,1997) in a thorough investigation of Upland cotton germplasm,
compiled the pedigrees of a vast number of commercially important cultivars and germplasm
lines. Using these compiled pedigrees, May et al. (1995) and Bowman et al. (1996) calculated
coefficients of parentage (CP) for 126 Upland cotton cultivars released between 1980 and 1990,
and CP for 260 cultivars released between 1970 and 1990, respectively. May et al. (1995)
calculated the mean CP of the diverse panel of genotypes included in their study as 0.07, with 1
being the highest degree of shared parentage (full-sibs), and 0 indicating no shared parentage.

Genotypes were grouped in clusters based on their shared parentage of at least one cultivar.
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Within the 12 identified clusters, CP ranged from 0.17 to 0.34, suggesting diversity suffers
significantly among lines of common origin. These low average values of CP would seem to
indicate a high degree of diversity among the cultivars represented. Similar results were
obtained by Bowman et al. (1996) when they examined 260 lines released between 1970 and
1990. Both studies suggest sufficient levels of diversity with the Upland cotton germplasm base,
however, these results are misleading.

Van Esbroeck et al. (1999) observed that pedigree-based estimates of genetic similarity
likely overestimate levels of diversity because they do not account for genetic similarity of the
ancestral parentage, and also under-estimate genetic similarity of re-selections from “inbred”
lines. Interestingly, out of the 668 public germplasm releases registered prior to 1998 in the
journal Crop Science, or its affiliate, the Journal of Plant Registrations, only 4 of those
germplasm lines have been used in the pedigree of a commercial variety (Esbroeck and
Bowman, 1998). In a comparison of pedigree-based CP versus restriction fragment length
polymorphism (RFLP) genetic similarity index (GSI), Van Becelaere et al. (2005) found GSI
ranging from 0.914 to 0.975, differing wildly from the CP of 0.07 by May et al. (1995). While
the determined values were quite different, there was a significant though moderate correlation
of r=0.41 between CP and GSI (Van Becelaere, et al., 2005). Similar conclusions have been
reached by researchers of other self-pollinated crops such as wheat (Barrett, et al., 1998; Kim
and Ward, 1997), barley (Melchinger, et al., 1994) and oat (O'Donoughue, et al., 1994). The
moderate level of congruence between pedigree-based CP and RFLP-based GSI, would seem to
indicate that CP grossly overestimates levels of true genetic similarity, however, the moderate
level of correlation could indicate that pedigree-based methods of determining genetic similarity

are still useful, at least in determining “ball-park” levels of relatedness and general relationships.
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Pedigree based determination of relatedness might not be precise or perfectly accurate, but it
remains a good, cheap, fast method for getting a rough idea of the relatedness of genotypes.

Additional diversity studies conducted using modern molecular techniques have
reinforced the idea of limited diversity within the G. hirsutum germplasm pool. Among the
earlier papers on this topic, low levels of diversity were found on small, but representative
samplings of the G. hirsutum germplasm pool using amplified fragment-length polymorphism
(AFLP) markers and simple sequence repeat (SSR) markers (Pillay and Myers, 1999; Rungis, et
al., 2005). Similarly, Bertini et al. (2006) found low levels of SSR allelic diversity among 53
cultivars using 31 polymorphic SSR markers, with dissimilarity ratios that ranged from 0 to 0.41
among members of the panel (Bertini, et al., 2006). In a fairly recent and comprehensive study
examining 193 cultivars of diverse adaptation, Fang et al. (2013) screened the panel using 448
SSR markers selected based on representation of the G. raimondii sequence. The authors
identified 1590 alleles at 732 loci, 523 of which were polymorphic. Genetic similarity index
ranged from as low as 0.64 for Paymaster HS200 vs. Pak 4F CB 4025, and as high as 0.993 for
Rowden vs. DES 716 (Fang, et al., 2013). For the most part, the phylogenic relationships and
genetic similarity indexes were in agreement with the breeding history and pedigrees of the lines
as elucidated by Calhoun et al. (1997) and May et al. (1995).

It is clear that the lack of diversity inherent within cultivated Upland cotton is due in
large part to mankind’s selective improvement. This is exemplified by the extreme selection
pressure brought on by domestication events, the severe bottlenecking of the germplasm base
that occurred shortly after, and in the practices of modern breeding where relatively few

genotypes are used in the development of new commercial varieties. However, while the
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diversity of cultivated types is quite low, it might be argued that sufficient diversity exists among

accessions within our germplasm repositories. These resources, unfortunately, go under-utilized.

Introgression and Gossypium Genetic Resources
When the question arises of how we are to increase diversity within cultivated Upland cotton,

one must first consider the potential sources of genetic diversity available to breeders of the crop.
Harlan and de Wet proposed a method of classifying sources from which breeders can extract
useful genetic variation. Foremost is the primary gene pool, which consists of members of the
species and closely related species that readily intermate with few abnormalities. Gene transfer
is straightforward with fertile F1 and F> hybrids, and segregation in subsequent generations
follows typical patterns. It is from the primary gene pool that genes are most readily accessible
for crop improvement. Consequently, it is within the primary gene pool that most of the
attention and resources are typically spent. The secondary gene pool includes related species
that can be crossed with the cultivated crop of interest, but the resulting hybrids exhibit hybrid
breakdown in the F1 or later generations. Chromosome pairing is limited or abnormal, and so
sterile progeny are often obtained. Their usage is difficult but with a few backcrosses, gene
transfer is achievable. Tertiary gene pools represent an interesting but difficult to utilize
resource. This pool represents plants that are quite different from the cultivated species, but can
produce a hybrid using some very specialized techniques such as embryo rescue, chromosome
doubling, or grafting. Hybrids resulting from tertiary gene pool introgression projects face large
levels of sterility in both the hybrid and the progeny.

Within the primary gene pool of cultivated Upland cotton, as we have seen in studies like
(Bertini, et al., 2006; Fang, et al., 2013), limited diversity exists. Although the boundaries of the

gene pools are open to some interpretation, the primary gene pool of G. hirsutum can be
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generally considered as being restricted to members of the G. hirsutum species. The cultivated
form of Upland has limited genetic diversity, however, there do exist sources of great diversity
within the species. An example of this are lines such as TX2093, a “wild,” or at least minimally
improved example of the Yucatanense race previously discussed, which likely descends from
some of the very first cultivated Uplands. In an SSR-based diversity survey, TX2093 shared
only ~30% of its marker alleles with TM-1, generally considered the cultivated Upland cotton
genetic standard. To put this into perspective, within the same study, TM-1 shared ~20% of its
SSR alleles with G. tomentosum, a tetraploid cotton species of Hawaiian origin (Liu, et al.,
2000b). Other sources of diversity exist, although perhaps less extreme than the early progenitor
races such as Yucatanense within the G. hirsutum species and within its primary gene pool, but
they remain under-utilized. White and Richmond (1963) noticed significant heterosis for yield
among lines of diverse G. hirsutum origin.

The primary gene pool is likely sufficient for small, incremental genetic gains, however,
for sustained improvement, novel phenotypes, or drastic genetic gain for a particular trait, it is
likely necessary that we branch out to the secondary gene pool. Thought it should be noted that
examples of beneficial, intra-specific wide-crosses with exotic, unadapted, unimproved, or wild
germplasm from the primary gene pool exist for other crops. Wheat germplasm has been
improved by use of dwarfing genes from Japanese germplasm (Krull, et al., 1970), disease
resistance from landraces (Hoisington, et al., 1999), and tomatoes have seen a great deal of
valuable allelic introgression coming from wild tomato (Tanksley and McCouch, 1997). While
the primary gene pool is an important source for crop improvement, there are some limitations.
For instance, the use of landraces and wild specimens depends on exchange of germplasm across

international borders for the benefit of both parties involved.
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Interspecific matings of G. hirsutum by the other tetraploid species such as G.
barbadense have been successful, however, they are generally fraught with hybrid breakdown,
some amount of sterility, abnormal segregation, and loss of desirable genes during backcross
generations and population truncation. For these reasons, we can consider the other tetraploid
species as members of G. hirsutum’s secondary gene pool, since gene transfer is tractable, but
can be complicated and time-consuming. The use of interspecific introgression has seen some
interest and has likewise seen some success, especially where G. barbadense is concerned. G.
barbadense has seen a good deal of introgression into G. hirsutum, and G. hirsutum into G.
barbadense, both naturally and artificially. Some authors have considered G. barbadense to be a
member of the primary gene pool with G. hirsutum, however, there are no examples of a direct
G. hirsutum x G. barbadense single cross hybrid resulting in an inbred commercial variety or
otherwise commercially acceptable germplasm line, aside from the interspecific F1 hybrids
cultivated in India. Examples of distant introgressions making an impact on commercial
germplasm do indeed exist, and are discussed in greater detail below. These 2 species have seen
1 to 2 million years of divergent evolution and independent domestication events, which would
suggest that a great deal of genetic variability between these species likely exists. Usually, these
interspecific introgressions require several generations of backcrossing prior to being acceptable
for use in breeding programs, especially commercial programs where the stakes are too high to
take steps backward. Hence, members of the tetraploid cotton species are here considered as part
of the secondary gene pool, which includes G. barbadense, G. darwinii, G. tomentosum, G.
mustelinum, G. ekmanianum, and G. stephensii.

The use of G. barbadense for introgression has been very helpful for increasing

selectable variation within G. hirsutum. Synthetic interspecific hybrid populations often exhibit
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hybrid breakdown (Stephens, 1949), lower numbers of recombination in early generations
(Reinisch, et al., 1994), preferential recombination, infertility, and unexpected segregation ratios
in late generations (Jiang, et al., 2000) as well as agronomically unsuitable offspring. Extensive
backcrossing and introgression efforts have been made to improve many traits, but especially
fiber quality in G. hirsutum (Campbell, et al., 2011; Campbell, et al., 2010; Cantrell and Davis,
1993; Tatineni, et al., 1996). Successful cases of introgression usually involve the incorporation
of the interspecific segments of DNA by way of introgression lines rather than direct or single
cross hybrids (Shen, et al., 2007; Sun, et al., 2012; Zhang, et al., 2012; Zhang, et al., 2009).
Percy et al. (2006), using stabilized introgression lines, created a group of recombinant inbred
lines (RILs) that had significant portions of G. barbadense introgression in a G. hirsutum
background, and identified several RILs that exhibited positive transgressive segregation for lint
percent (LP) and 2.5% span length (SL), as well as no significant correlation between lint yield
and fiber quality traits. In another example of using stable G. hirsutum lines introgressed with G.
barbadense chromatin to improve fiber traits, Zeng and Meredith (2009) found significant
negative correlations between lint yield and FBS, 50% SL, 2.5% SL, ELO, but positive
correlation between lint yield and FINE and MAT, indicating a positive improvement in both
yield and fiber quality.

Molecular mapping of agronomically important quantitative trait loci (QTL) has
benefited greatly from using molecularly diverse interspecific crosses due to marker
polymorphism and easier tracking of extreme phenotypes. There have been several fiber quality
QTL identified in G. hirsutum coming from germplasm introgressed with G. barbadense using
markers (Chen, et al., 2009; Draye, et al., 2005b; Lacape, et al., 2003; Paterson, et al., 2003;

Shen, et al., 2007; Wang, et al., 2011; Zhang, et al., 2014; Zhang, et al., 2009). Zhang (2011)
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identified several QTL for fiber quality traits in a G. hirsutum x G. tomentosum mapping
population. Similarly, introgression of G. hirsutum into G. barbadense has been very important
to the commercial viability of G. barbadense varieties. Wang et al. (1995) surveyed G.
barbadense cultivars and determined there to be 7.3% G. hirsutum chromatin in commercial
Pima varieties, 9% in Sea Island cultivars, and 9.6% in so-called Egyptian varieties of G.
barbadense. Recall that G. barbadense did not see the same effort in domestication and
selection for agricultural productivity that G. hirsutum saw by the native Central Americans.
Hence, the G. hirsutum contribution has likely aided in the commercial productivity of G.
barbadense.

Interspecific introgression is a long-term effort that requires significant allocation of
resources and an integrated approach of research due to the high degree of epistasis and the
opposing effects of QTL in different backgrounds, linkage drag and hybrid breakdown (Paterson,
etal., 2004). It is largely because of these difficulties that many researchers feel that it is
important for the public sector to work with feral, wild, diverse germplasm introgression,
including related species such as G. barbadense, to widen the genetic base of Upland cotton and
incorporate novel alleles (Wallace, et al., 2009).

The tertiary gene pool resources available to G. hirsutum include the diploid cotton
species such G. arboreum, G. herbaceum, and the 50 or so others that exist. Related genera
might also be included here, however, these are less likely to be utilized to a large degree, as
there is already a large amount of diversity existent in Gossypium spp. The most important
example of a successful tertiary gene pool introgression is found in Beasley’s Triple Hybrid.
Beasley (1940) created an artificial tetraploid by crossing G. arboreum, an Asiatic, A-genome

diploid, with G. thurberi, a wild American, D-genome diploid spp., followed by doubling the
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chromosomes of the resulting progeny. This synthetic autotetraploid was then crossed to
Deltapine 14, a G. hirsutum cultivar, to produce a fertile offspring that would readily cross to G.
hirsutum provided G. hirsutum was used as the male parent (Lewis, 1957). Early breeding
efforts with the Triple Hybrid involved a great deal of backcrossing with G. hirsutum essentially,
but was very important to improving the fiber strength of American Upland cotton germplasm.
Beasley’s Triple Hybrid can be found in the foundational pedigrees of the New Mexico Acala
SJ4 and Pee Dee breeding programs (Smith, et al., 1999), both of which have been incredibly
important to the improvement of Upland cotton. Additionally, there have been fiber quality
alleles introgressed from G. arboreum (Sun, et al., 2012), G. tomentosum (Zhang, et al., 2011),
and G. klotzchianum (Xu, et al., 2012).

Given the limited genetic diversity in the primary gene pool, sustained improvement of
the Upland cotton crop will require better utilization of the available genetic resources found in
related species, both diploid and tetraploid in order to successfully enhance the economically
important traits (Lubbers and Chee, 2009). Molecular tools will greatly help us to introgress
alleles from interspecific sources into elite germplasm. Work done by Rong et al. (2007) and
Wang et al. (2013) have indicated that it is common to see QTLs for traits that map to non-
homeologous regions of the A and D subgenomes, and that variation in contribution of
subgenomes to important traits likely depends on the ploidy lineages, which has also been noted
in other polyploid species such as peanut (Fonceka, et al., 2012). Large differences in expression
between A and D subgenome homeologues, which is supported by a rather large body of work in
cotton (Adams and Wendel, 2005; Chaudhary, et al., 2009; Flagel and Wendel, 2010; Hovav, et

al., 2008b; Rapp, et al., 2010; Yoo and Wendel, 2014), could conceivably allow us to pyramid

42



these novel QTL together by introgressing them into G. hirsutum in non-homeologous locations

within the genome (Wang, et al., 2013).

Status of Cotton Genetic Mapping Research
As discussed previously, interspecific introgression of traits comes with a significant amount of

baggage, most of which is negative. QTL are generally carried on small portions of genome
from the donor parent, but sourced from other species, these small segments can have significant
agronomic impact to the recurrent parent from the myriad of other genes carried on the segment,
the size of which is limited by the number of backcrosses or other recombination events to chip
away at the exotic portion of DNA. For instance, introgression of traits from G. barbadense into
G. hirsutum, often creates progeny that resemble G. barbadense, however, this is undesirable, as
G. hirsutum is the cotton species of greater economic impact. In the past, the only way to tell if
an individual plant was carrying the gene or QTL of interest was by growing large populations,
then screening the population phenotypically. With fiber quality traits, this can be cost
prohibitive, but it has been done to great success, many of which were discussed previously. The
problem with this method is that it requires significant cost as well as time and space. The
backcrossing and subsequent phenotyping of generations to track the desired trait takes years and
years if not decades. The use of molecular marker technologies has changed this paradigm
significantly over the past few decades, making interspecific trait introgression a more tractable

and efficient endeavor.

Linkage Maps and QTL

The most notable requirement for successful mapping of traits, is a densely populated
genetic linkage map which gives the location of molecular markers on their respective

chromosomes, allowing researchers to co-locate them with important phenotypic traits. Initial
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genetic map construction of crop genomes was conducted using restriction fragment length
polymorphism (RFLP) based markers. These markers, some of the first DNA-based markers
used in molecular research, are very labor intensive, requiring large amounts of DNA and several
time-consuming steps in order to resolve the polymorphisms for DNA-fragment size between
individuals in populations

Many of the initial linkage maps for cotton were constructed using interspecific
populations to maximize the opportunity for molecular polymorphism as well as phenotypic
variance. The first RFLP map of tetraploid cotton identified 705 loci across 41 linkage groups
and 4675 cM (Reinisch, et al., 1994). They were able to infer the A and D subgenomes and
assign chromosomal identities to 14 of the identified linkage groups using an F> population
derived from a cross between a G. hirsutum and G. barbadense parent . In what was the first
example of QTL mapping in cotton, Jiang et al. (1998) identified 14 QTL for fiber quality, 4
QTL for yield components, and one QTL for plant maturity or “earliness”. Ulloa et al. (2002)
used a combination of four mapping populations to create a composite genetic linkage map
covering 1502 cM, and 284 loci, on 47 linkage groups. Wright et al. (1999) identified several
QTL for plant pubescence, a trait that affects insect resistance as well as harvest and ginning
efficiency. Many more mapping studies have been undertaken to identify QTL in cotton.

The development of polymerase chain reaction (PCR)-based DNA markers made a
significant impact in the genomics field across organisms, including plants. Because PCR-based
markers can sample vast numbers of loci across a genome very rapidly with only small quantities
of DNA, these methods are much faster, less expensive, and more user-friendly than RFLPs.
Some common PCR-based markers include amplified fragment length polymorphism (AFLP),

sequence related amplified polymorphism (SRAP), random amplified polymorphic DNA
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(RAPD) and simple sequence repeats (SSR). SSR markers, which are repetitive motifs of a few
base pairs up to complex patterns, also referred to as microsatellite markers, have a high
incidence of polymorphism, which has been very helpful in cotton as there is little intraspecific
polymorphism with some of the other marker systems. These markers are usually codominant,
occur widely across the genome, can be easily shared between institutions, can be used with
varied populations, and in cotton are numerous within the genome. For these reasons, SSRs have
enjoyed greater popularity than some of the other marker types. It has been proposed that SSRs
are sufficiently ubiquitous within the cotton genome, that extensive genome mapping and marker
assisted selection (MAS) can be conducted to great effect (Reddy, et al., 2001).

The work that has been conducted to make SSRs useful in cotton has been extensive. To
provide the research community with anchored SSR locations, Liu et al. (2000c) used aneuploid
cytogenetic stocks to localize about 30 SSR markers on specific chromosomes. A similar
strategy was employed in wheat (Triticum aestivum L.) to localize about 200 SSR markers on the
wheat genome (Rdder, et al., 1998a,1998b). SSRs have been used extensively in genetic
diversity studies of cultivated cotton (Bertini, et al., 2006; Fang, et al., 2013; Guang and Xiong-
Ming, 2006; Gutierrez, et al., 2002; Kalivas, et al., 2011; Lacape, et al., 2007; Liu, et al., 2000a;
Rungis, et al., 2005; Zhang, et al., 2005a; Zhang, et al., 2005b), and have re-confirmed that the
genetic diversity available in cultivated cotton is low.

Linkage maps and QTL mapping have also benefited from the use of SSR markers. In
the following studies, SSRs have been used exclusively to map QTL for plant architecture (Bao-
Hua, et al., 2006), yield and yield components (Wang, et al., 2007), resistance to pathogens such
as nematode and Verticillium wilt (Shen, et al., 2006; Wang, et al., 2008), and extensively in

mapping of fiber quality QTLs (Abdurakhmonov, et al., 2008; Lacape, et al., 2005; Mei, et al.,
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2004; Shen, et al., 2005; Wu, et al., 2009; Zhang, et al., 2005c). Using three different
intraspecific G. hirsutum F2 mapping populations, and between 127 and 77 polymorphic SSR
markers per population, Shen et al. mapped 39 QTLs for fiber quality traits (2005).

Today, the use of SSRs as well as a myriad of other types of molecular markers has been
instrumental in the identification of QTL across the cotton genome. He et al. (2007) used 834
SSRs, 437 SRAPs, 107 RAPDs, and 16 retrotransposon-microsatellite amplified polymorphism
(REMAP) markers to reveal 1,029 loci mapped to 26 linkage groups that extend to 5,472 cM,
with an average inter-locus distance of 5.3 cM. They identified 52 economically important QTL
for lint index (4 QTL), seed index (8 QTL), lint yield (11 QTL), seed cotton yield (4 QTL), seed
per boll (9 QTL), fiber strength (3 QTL), fiber length (5 QTL), and micronaire (8 QTL) in a

cross between a G. hirsutum and G. barbadense parent.

QTL Validation and Genetic Background
An important aspect of QTL research is validation of their effect. The explosion of mapped

QTLs has been a boon for cotton genomics research, however, little validation has occurred to
test them in different genetic backgrounds, environments or years. The interaction of a QTL
with the genetic background and/or environment in which it is deployed can have a significant
influence on its expression (Lecomte, et al., 2004; Sebolt, et al., 2000; Tanksley and Hewitt,
1988), thus making validation an important step after mapping an economically important QTL.
Interactions between QTL and genetic backgrounds may be particularly prominent when
the mapping population is of interspecific origin. Often the parents used in mapping populations
are chosen both for their molecular diversity as well as their phenotypic diversity. When QTL of
interspecific origin are introgressed into adapted germplasm, there are unexpected interactions

with genetic background. These can include varied or total lack of effect in given backgrounds,
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unintended impacts on other traits, or lack of expression in different environments. Chee et al.
(2005a, 2005b) and Draye et al. (2005), studying a backcross-self population, each paper
focusing on one of the following traits ELO, FINE, and UHML, noticed the QTLs of interest
having varied or unintended effects depending on genetic background. For this reason, before
extensive introgression efforts are undertaken, it is critical the QTL be evaluated and verified to

have effects across target populations.
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CHAPTER 2

EVALUATION OF A CHROMOSOME SEGMENT FROM GOSSYPIUM BARBADENSE
HARBORING THE FIBER LENGTH QTL QUHM-CHR.25 IN FOUR DIVERSE UPLAND

COTTON GENETIC BACKGROUNDS (GOSSYPIUM HIRSUTUM).
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INTRODUCTION

The quality of fibers produced by the Upland cotton plant, Gossypium hirsutum, has become a
major focus of the cotton industry. Market pressures from textile mills, seeking more uniform,
stronger, and longer cotton fiber, have encouraged cotton researchers to develop cultivars with
improved fiber quality and production practices to maximize their genetic potential. A critical
fiber quality to spinners today is fiber length, especially upper half mean length (UHML), which
is the average length of the longest half of the fibers in a sample. The majority of textile
production occurs in Asia today, making the cotton production market a major component of
international trade. USDA-NASS (2016) estimates that global cotton production reached 96.9
million bales in 2015, 34.9 million of which were exported from the country producing them.
The United States exported 10.2 million bales in 2015, most of the 12.8 million bales produced
in the country that same year. Increased competition from man-made fibers to satisfy market
trends from the mills as well as the fashion industry, are making it ever-more important to
improve cotton fiber quality in order to maintain market competitiveness for US cotton
producers.

While incremental gains have been achieved for UHML, those gains have been small and
have shown signs of periodic stagnation (Helms, 2000; Lewis, 2001; May, et al., 1995; Meredith,
etal., 1997). It has been assumed that stagnation in fiber quality improvement is due to lack of
genetic diversity within the crop (Esbroeck and Bowman, 1998). To increase the genetic
diversity within the available Upland cotton germplasm, it is an appealing strategy to introgress
fiber traits from related species such as Gossypium barbadense, also known as Egyptian, Sea
Island, and Pima cotton. However, interspecific introgression of G. barbadense into the more

productive species, G. hirsutum, often results in deleterious effects such as hybrid breakdown
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(Stephens, 1949), sterility, and abnormal segregation in the progeny (Jiang, et al., 2000;
Reinisch, et al., 1994). These factors have made introgression difficult, however some
successful cases involving extensive backcrossing and introgression efforts have been
documented (Campbell, et al., 2011; Campbell, et al., 2010; Cantrell and Davis, 1993; Tatineni,
etal., 1996). A useful strategy to incorporate some of these positive alleles from G. barbadense
has been to use introgression lines with portions of G. barbadense genome in a primarily G.
hirsutum genetic background (Percy, et al., 2006; Shen, et al., 2007; Sun, et al., 2012; Zeng and
Meredith, 2009; Zhang, et al., 2012; Zhang, et al., 2009).

While numerous fiber quality QTLs have been mapped in interspecific populations or
introgression lines derived from G. barbadense (Jiang, et al., 2000; Chen, et al., 2009; Draye, et
al., 2005; Lacape, et al., 2003; Paterson, et al., 2003; Shen, et al., 2007; Wang, et al., 2011,
Zhang, et al., 2014; Zhang, et al., 2009), few have been verified or have progressed to the point
of being transferred into elite material. When a QTL of interspecific origin is introgressed into
adapted germplasm, unexpected interactions with genetic background have been observed in
soybean and tomato (Bernacchi, et al., 1998; Reyna and Sneller, 2001), including varied or total
lack of effect in given backgrounds, unintended impacts on other traits, or lack of expression in
different environments. In Upland cotton, Chee et al. (2005a, 2005b) and Draye et al. (2005),
reported that genetic backgrounds can have profound interactions with effects of QTLs for fiber
length, fineness, and elongation (ELO). For this reason, before extensive marker-assisted
breeding efforts are undertaken, it is critical that the introgressed QTL allele be evaluated and
verified to have effects across germplasm and target environments.

One of the longest-lived public US cotton breeding programs, USDA-ARS’s Pee Dee

breeding program in Florence, SC, used interspecific hybridization a great deal to influence the
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improvement of G. hirsutum fiber quality in the US. An example of their use of interspecific
introgression to improve fiber quality is Beasley’s Triple Hybrid, a germplasm line derived from
a cross between G. arboreum, G. thurberi, and G. hirsutum. This germplasm line has widely
been credited for positively influencing much of the US cotton germplasm for fiber bundle
strength (FBS). For example, Beasley’s Triple Hybrid can be found in the foundational
pedigrees of the New Mexico Acala SJ4 and Pee Dee breeding programs (Smith, et al., 1999),
both of which have been incredibly important to the improvement of Upland cotton. More
recently there have been fiber quality alleles introgressed from G. arboreum (Sun, et al., 2012),
G. tomentosum (Zhang, et al., 2011), G. mustelinum (Wang, et al., 2016), and G. klotzchianum
(Xu, et al., 2012) with significant effects.

Among some of the germplasm developed through interspecific hybridization by the Pee
Dee breeding program were the “Sealand” lines. These germplasm lines were the result of a
cross between “Bleak Hall”, a Sea Island cultivar (G. barbadense) with extra-long staple (ELS)
fiber, and “Coker Wilds”, a G. hirsutum cultivar (Bowman, 2006; Culp and Harrell, 1974). The
Sealand lines were considered G. hirsutum Upland cultivars, but while not grown extensively on
a commercial scale, they exhibit excellent UHML and FBS. Previous research indicated that
many of the introgressed segments from G. barbadense within the Sealand lines harbored
important quantitative trait loci (QTL) for FBS and UHML (Kumar, 2012; Kumar, et al., 2012).
One of these QTL, gUHM-Chr.25, had a large effect explaining from 4.4 to 61.4% of the
variation seen in UHML in the original mapping populations. Located near the single sequence
repeat (SSR) markers CIR267 and BNL827, the region was previously determined to span 7cM

(Kumar, 2012).
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The turn of the 20" century saw a more concerted effort in cotton variety development to
produce cultivars adapted to the various macro-environments of the US Cotton Belt such as the
Acala SJ4, Plains, Delta, and Eastern types (Meredith Jr, 1991; Niles and Feaster, 1984). Acala
SJ4 type cultivars are grown primarily west of Texas, such as New Mexico and California. They
are largely based upon the Mexican stocks from Acala SJ4 and Tuxtla, Mexico (Chiapas), with
some degree of influence from Beasley’s “Triple Hybrid,” as well as some significant G.
barbadense germplasm introgression (Meredith Jr, 1991; Niles and Feaster, 1984; Ware, 1951).
Acala SJ4 cotton varieties are well known for their excellent fiber characteristics. In North and
West Texas, the Plains type cultivars were developed, which are distinguished for their short
stature, early season maturation, and their tight, wind resistant boll. These cultivars were largely
derived from a variety called “Big Boll Stormproof” collected in Mexico in the 1850s (Niles and
Feaster, 1984; Ware, 1951). The Paymaster group, a member of the Plains type cultivars,
includes “Kekchi” germplasm collected in Guatemala by Cook (1905). The Delta cultivars,
grown primarily in the Mississippi Delta as well as Beltwide, were developed from pre-1900
cultivars such as “Lone Star,” which was derived from some 1860 and 1880 introductions from
Mexico (Ramey, 1966; Ware, 1951). Delta and Pine Land, and Stoneville were early cotton seed
companies that bred directly for the Mississippi Delta region. The fertile, uniform soils of the
Delta were excellent grounds on which to breed, leading to many outstanding varieties that were
grown across the belt and prized for their wide adaptability. The Eastern cultivars were largely
made up of Coker germplasm, which includes many selections from the 19" and 20" century
Mexican introductions, including some possible G. barbadense introgression (Niles and Feaster,

1984). The cottons grown in these macro-environments show significant phenotypic diversity,
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however, molecular dissection of these relationships tell us that they are actually quite similar
genetically.

The purpose of this study was to, (1), test the effect of the qUHM-Chr.25 QTL when
deployed in several genetic backgrounds adapted to the 4 major US growing regions when grown
in those regions, (2) demonstrate the effect of the QTL in a nearly-isogenic state to determine the
agronomic effect of the QTL, and (3), to further fine-map the location of the QTL on
Chromosome 25 previously identified as being within a 7cM region near the SSR markers

CIR267 and BNL827 (Kumar, 2012).

MATERIALS AND METHODS

The lines developed for this study were derived from the cross of Sealand 883 (hereon referred to
as SL883)(PI 528875) with four regionally adapted cultivar parents, Acala SJ4 (P1 529538),
Paymaster HS26 (PM HS26) (PVP 8600087, Pl 606814), Deltapine 50 (DP50) (PVP 8400154,
P1529566), and an unreleased breeding line from the University of Georgia Molecular Cotton
Breeding Laboratory, GA2004089 (GA089). SL883 is an obsolete cultivar developed and
released in 1945 by the USDA Pee Dee Cotton Breeding program in South Carolina resulting
from the cross of a G. hirsutum parent, Coker Wilds, with Bleak Hall, a G. barbadense Sea
Island cotton cultivar (Bowman, 2006; Culp and Harrell, 1974). The resulting progeny were
backcrossed several times to Coker Wilds to create what is now the Sealand germplasm lines,
including SL883 which is an Upland cotton germplasm line with excellent fiber quality,
especially fiber length, due in part to significant G. barbadense introgression (Bowman, 2006;
Culp and Harrell, 1974).

Statistical analyses were conducted using SAS/STAT Software, Version 9.4

(SASInstitute, 2014). The PROC GLM function was used for analysis of variance and mean
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separations. Waller-Duncan’s method for mean separation was chosen as a more conservative
approach than Fisher’s for separating means when F-values are low, and similarly conservative

to Fisher’s when F-values are high.

Nearly Isogenic Line Evaluation
Nearly isogenic lines (NIL) developed for this study were derived from the crosses used to

develop the populations for the Genotype x Environment experiment described below. SL883
was crossed with four regionally adapted cultivar parents, Acala SJ4, PM HS26, DP50, and
GAO089. In 2008, individual F3 plants from these 4 families were identified based on their
heterozygosity for the genomic region containing qUHM-Chr.25. Seed from these heterozygous
F3 individuals were used to plant segregating F4 nursery rows for seed increase in 2011 and the
nursery rows were bulk harvested.

A randomly selected sample of about 22 segregating Fs:s sub-families from each of the
four SL883 x cultivar crosses were screened for the presence or absence of the genomic region
spanning the QTL of interest. The screening populations from each segregating family were
grown in the greenhouse and leaf samples from individual plants were collected and tested for
the presence or absence of the QTL allele using SSR markers that span the ~7cM region of
interest, BNL827, BNL3359, CIR109, CIR267, and CIR 298; all of which were identified during
the earlier mapping study to be polymorphic and capable of distinguishing between SL883 and at
least one of the 4 regionally adapted cultivars (Kumar, 2012). These 5 SSR markers were used
during the screening to ensure the region containing the QTL would not be lost through
recombination during selfing generations. In order to construct the NILs, 10 individual plants
homozygous for the SL883 allele, and 10 plants homozygous for the cultivar allele were

identified from each of the segregating lines. The 10 individuals for each QTL class were then
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bulk-harvested together to serve as the seed source of the homozygous NILs. From the SL883 x
Acala SJ4 populations there were a total of 10 NILs derived from 5 lines; 5 NILs with the SL883
allele and the 5 corresponding NILs without the SL883 allele. Similarly, the SL883 x PM HS26
lines consisted of 12 NILs; 6 with the QTL, 6 without. The SL883 x DP50 NILs were made up
of 19 NILs; 9 lines with the QTL, 10 without. The SL883 x GA089 NILs consisted of 28 NILs,
14 with, and 14 without the QTL.

Genomic DNA extraction followed (Paterson, et al., 1993), and PCR amplification
conditions were carried out in a modified form as described by Chee et al. (2004) , on a T100
Thermal Cycler (Bio-Rad Laboratories, 2011). The 10ul PCR reactions contained approximately
10ng of DNA, 0.5uM of forward and reverse SSR primers, 100udNTPs, 1.5 mM MgCl3, 3U of
DNA taq polymerase, and 1X reaction buffer containing 100mM Tris-HCI, 500 mM KCl, at pH
8.3. The PCR thermal cycling conditions were 94°C for 3 min, then 34 cycles of 94°C for 45 sec,
55°C for 45 sec, 72°C for 1 min, then incubation at 72°C for 7 min, prior to cooling down for
storage at 12°C. Viewing of the PCR products were accomplished using 10% polyacrylamide
gel electrophoresis and staining with silver nitrate similarly to previously published procedures

(Zhang, et al., 2002).

Genotype x Environment Interaction of gUHM-Chr.25
In 2014 and 2015, the NILs from each family were grown in a randomized complete

block design along with the SL883 parent and the relevant cultivar parents as checks. In 2014,
the plots were single rows spaced 1m apart and 3.3m long. In 2015, the plots were 2-rows wide,
spaced 1m apart, and approximately 10m long. A 30-boll sample was harvested from the mid-
fruiting zone of the plants to represent the genetic potential for fiber quality and provide

uniformity within the sample. These 30-boll samples were ginned on laboratory 10-saw gins in
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2014, and on 20-saw table top gins in 2015 to determine lint percent of the seedcotton sample
(LPCT). Fiber was analyzed with a high volume instrument (HV1) by the Fiber Quality
Laboratory at Cotton Incorporated in Cary, NC.

The lines used for this experiment were derived from individual F3 plants from the
single-cross hybridization of SL883 with the 4 diverse cultivar parent genetic backgrounds. A
total of 50 individuals, 25 of which were homozygous for the QTL locus and 25 homozygous
without the QTL locus, were selected from each of the four cultivar parent genetic background
families, for a total of 200 lines. The lines were selected at random based on the presence or
absence of the SL883 allele using the nearby SSR markers CIR 267 and BNL 827. Aftera
progeny row seed increase in 2010, replicated yield trials were conducted across the cotton belt
of the Fa:5 and Fz: lines in 2011 and 2012, respectively. Trials were conducted at the University
of Arizona, Maricopa, AZ; Texas Tech University, Lubbock, TX; Louisiana State University,
Baton Rouge, LA; and Clemson University’s Pee Dee Research and Education Center, Florence,
SC. The field trials were arranged in a randomized complete block design with two replications
at each site. Trial plots were single-row plots approximately 6m in length, with rows spaced 1m
apart. Best growing practices were followed in the regions in which the trials appeared. Field
tests were conducted in 2011 and 2012, however, a problem in 2011 seed increases forced the
discard of 2012 trial data. Boll samples were harvested from the mid-fruiting zone from each
plot to represent the best bolls on the plant and to ensure a more uniform sample. Twenty five
bolls were hand-harvested from each plot. After harvest, boll samples were ginned on a
laboratory style 10-saw gin. Fiber samples were sent to Cotton Incorporated’s Fiber Quality

Testing Laboratory in Cary, NC for HVI analysis.
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Fine Mapping of qUHM-Chr.25
Segregating F4 populations from each genetic background were screened for recombination

within the delineated region of qUHM-Chr.25 spanning ~7cM flanked by SSR markers
NAU2713 and CIR109 which are approximately 11cM apart (Kumar, 2012). Of the 1185 plants
genotyped, two were positively identified and confirmed as recombinant within the QTL region,
one from the PM HS26 background, and one from the GA089 background. The seed from these
recombinant plants were planted in the greenhouse for an increase of seed supply. In 2012, the
seed increase nursery rows were bulk harvested and advanced to the Fe generation in 2013, from
which individual plants were harvested again, and the heterozygous individuals retained for
further testing.

New SSR markers were developed to further saturate the previously identified region
containing qUHM-Chr.25. The new markers were developed using the reference G. raimondii
genome sequence (Wang, et al., 2012). The previously identified SSR marker sequences were
used to conduct BLAST searches to identify new nearby SSR markers within the QTL region .
Sixteen PCR primers were developed (Operon, Huntsville, AL), with four (UGT2501,
UGT2504, UGT2509, and UGT2516) showing reliable amplification and polymorphic between
parents . PCR amplification was performed as described in (Chee, et al., 2004) and the PCR
products were electrophoretically separated using 10% non-denaturing Polyacrylamide gel
electrophoresis. The DNA fragments were visualized by staining with silver nitrate as described
(Kumar, 2012).

Four individual plants, heterozygous for the recombined region spanning the markers
UGT2501 to UGT2509, and homozygous for the cultivar parent for the rest of the region of
interest (Figure 2.3.1), were selected from the PM HS26 background. The 2011 recombinant

plant from the PM background was designated plant number 1066. The heterozygous plants
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selected in 2013 were designated, 1066-73, 1066-77, 1066-78, and 1066-93. From the other
recombinant families, derived from a single plant in 2011 from the GA089 background,
designated 5064, 3 heterozygous plants were selected for further testing, 5064-418, 5064-422,
and 5064-440. These plants served as the source of our segregating groups in 2014 and 2015. In
2014, individual plants grown in the field in Tifton, GA were tagged and DNA was extracted
from each of them. The populations were screened using a panel of SSR markers spanning the
region of interest. The SSR markers used included UGT2501, UGT2504, CIR298, UGT25009,
CIR267, UGT2516, and BNL827. The two recombinant families, 1066 and 5064, unfortunately
do not have staggered segments of the SL883 chromosome, but had crossovers in a similar
region. Both families have cultivar parent background allelic forms of BNL827, UGT2516, and
CIR267. Each had SL883 alleles for the markers UGT 2501, UGT2504, CIR298, and UGT25009.
In 2014, individual plants from the 3 genetic classes within these families were ginned on
laboratory gins, and fiber was sent to the Fiber Testing Laboratory at Cotton Incorporated in
Cary, NC where they were analyzed using HVI. The populations derived from plants 1066-73,
1066-77, 1066-93, and 5064-418 were only grown in 2014. The populations derived from 1066-
78, 5064-422, and 5064-440, however, were tested in 2014 and 2015. In 2015, seeds from the
individual plants harvested in 2014 were used to plant a replicated trial of these lines. Plots were
single rows, spaced 1m apart, and were approximately 3.3m long, the trial was replicated twice.
A representative 25-boll sample was harvested from the mid-fruiting zone within the plots,

ginned on laboratory gins, and sent to Cotton Incorporated for HV|1 fiber testing.
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RESULTS AND DISCUSSION

Nearly Isogenic Line Trial
The genotypes used for this study were selected based on the status of the SSR loci flanking the

qUHM-Chr.25 QTL. This QTL was identified previously as having a significant effect on
UHML, and as such, the UHML trait is the main focus of this discussion. However, as shown in
the analysis of variance (Table 2.1), significant differences existed for some of the other
measured fiber traits. The main effect of Year had a significant influence on average micronaire
(MIC), UHML, fiber bundle strength (FBS), and ELO. The influence of the cultivar background
main effect was significant for MIC, UHML, Ul, FBS, ELO, and LPCT. This result is expected
as the influence of the cultivar backgrounds should play a significant role in all the measured
fiber traits, especially as the cultivar parents selected for this study were purposely chosen for
their diversity and regional adaptation. The interaction of cultivar background with Year was
significant for MIC and SFC, both of which are known to be traits heavily influenced by the
environment in which the cotton is grown. The effect of the QTL genotypic classes, that is, NILs
with the QTL (QTL+), NILs without the QTL (QTL-), the cultivar parents (Acala SJ4, DP50,
GAO089, and PM HS26) and the SL883 parent, exhibited significant differences not only for
UHML, but also for MIC, Ul, FBS, ELO, SFC, and LPCT as well. A QTL by cultivar
background interaction existed for UHML, as well as LPCT. It is an expected result for a QTL
to be influenced by the genetic background in which it is deployed, especially for quantitatively
inherited traits such as UHML and LPCT. These interactions only accounted for 8.9% and
18.7% of the total genetic sources of variance for UHML and LPCT, respectively, compared to
the QTL source of variance, which accounted for 85.6% and 74.8% of the totals, respectively. A

significant effect was observed in the interaction of QTL with Year for SFC. No significant
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differences were observed for the measured fiber traits due to the interaction of QTL by
Background by Year.

The parents utilized for this study were selected for their representation of the four major
cotton growing regions in the US, and the uniqueness of their fiber traits and agronomic
characteristics that make them desirable for those regions. The fiber quality diversity of these
cultivars is presented in Table 2.2 and Table 2.3. The interspecific introgression parent SL883
averaged UHML of 33.5mm over the 2 years that these lines were tested. The regionally adapted
cultivar parents all had significantly shorter fiber than SL883, ranging from a low of 28.6mm for
DP50, to a high of 29.9mm from GA089. The QTL- NILs averaged 31.5mm, significantly lower
than SL833, but significantly higher than all 4 regionally adapted parents. The UHML of the
QTL+ lines were numerically higher than the QTL- lines by 0.9mm, however the differences
were not statistically significant. This result indicates a large influence of the SL883 background
on UHML for the NILs. Again, this is to be expected from a single-cross hybrid. The
numerically higher UHML for the QTL+ lines supports the idea that the QTL influences UHML
over the cultivar background alone, although it appears that there is either too much
environmental variance or experimental error to clearly link it to the QTL. Further testing in
more environments and with more replication would likely give more power to detect the
positive influence of the QTL.

MIC for the 4 regional cultivars, Acala SJ4, DP50, GA089, and PM HS26 ranged from
4.8 to 4.1, all of which are within the non-discount range for MIC. SL883, had a much finer or
immature fiber with an average MIC value of 3.1, significantly lower than any of the groups in
this study. Due to the relatively high FBS, it is unlikely that the low MIC readings are due to

fiber immaturity, but rather to fiber fineness. It’s also interesting to note that the influence of
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SL883 on the lines with and without the QTL was significant, both classes had low MIC values.
It is to be expected that progeny derived from a single cross hybridization resulting from the
cross of one of the 4 regionally adapted cultivars with SL883 would have significant influence
from SL883 on their fiber phenotypes. This is evident in the NILs, which exhibit MIC values
that are mostly lower than the regionally adapted parents. The QTL+ lines have significantly
lower MIC values than the regionally adapted cultivars, though higher than SL883. The QTL-
NILs exhibit MIC values that are similar to the QTL+ lines, but are not significantly different
than Acala SJ4 or PM HS26.

Ul varied little among the NILs. SL883 had the lowest Ul of 83.3%, and PM HS26 the
highest with 85.4%. The other entries, including the NILs, were intermediate, ranging from
84.8% to 84.1%. FBS was lowest for DP50 with 270.9 kN m kg®. SL883 had FBS of 310.3 kN
m kg, which was not different than that of PM HS26 and GA089 which exhibited FBS of 312.6
and 313.8 kN m kg%, respectively. The NILs had similar FBS to each other, SL883, Acala SJ4,
GAO089, and PM HS26, but were improved over DP50. ELO was highest for PM HS26 at 7.1%,
and lowest for SL883 with 4.4%. ELO of the NILs were intermediate to that of SL883 and PM
HS26, and statistically no different than GA089 with 5.6% for QTL- lines, 5.3% for the QTL+
lines, and 5.4% for GA089. DP50 exhibited the highest SFC of 7.9 % compared to the rest of
the lines, which ranged from 7.3 to 6.8%. GAO089 had the highest LPCT with 40.9%, and SL883
the lowest LPCT of 27.8%. The QTL- and QTL+ NILs were not different than each other, with
32.9% and 32.3% respectively. Isolated effect of qUHM-Chr.25 within each NIL cultivar parent
genetic background

The effect of gUHM-Chr.25 was limited when averaged across cultivar backgrounds, and

while not statistically significant, it was a meaningful increase in fiber length of 0.9mm averaged
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over 2 years (Table 2.2). When analyzed separately by cultivar backgrounds, the effect of the
QTL on UHML becomes more evident (Table 2.4). In addition to QTL, Year also had a
significant effect on UHML test average for 3 of the 4 cultivar backgrounds. For the PM HS26
background, a significant difference was observed in average across replication, indicating that
some spatial variation might have been present in the trial, but was adequately blocked.
Significant differences existed among the NILs and parent cultivars tested for UHML in each
cultivar background trial. CVs were low, from 2.75 to 4.2% for the 4 trials when separated by
background, indicating that the field trial was properly executed to discern phenotypic
differences among treatments.

The effect of gUHM-Chr.25 among the DP50 NILs provided a significant and marked
increase in UHML for the QTL+ lines, with an increase of 1.4mm over the QTL- lines. DP50
exhibited the lowest UHML (28.6mm) in this test, compared to 33.6mm for the SL883 parent.
With no obvious introgression from G. barbadense in the pedigree (Kumar 2012), DP50 exhibits
a noticeable increase in UHML due to the presence of the SL883 background, as well as a large
additional increase from the presence of the gUHM-Chr.25 QTL. The DP50 NILs averaged
32.7mm for the QTL+ lines, and 31.3 for the QTL- lines, an improvement of 4.5% over the
SL883 background alone.

GAO089, which had the longest UHML (29.9mm) of the Upland cotton cultivar
backgrounds used in this study with an UHML of 29.9mm, was derived from a cross of PD
94042/AP 7126, neither of which have any known G. barbadense introgression. The effect of
the SL883 background in the QTL- lines was a significant improvement of 1.9mm over the

GAO089 parent. The effect of gUHM-Chr.25 in addition to the SL883 background was also

83



significant, accounting for an additional Imm in UHML over the QTL- lines, or a 3.1% increase
due to the SL883 qUHM-Chr.25 allele alone.

Deployed within the Acala SJ4 genetic background, the qUHM-Chr.25 allele had no
significant impact on UHML over the base-line effect of the SL883 background genome alone
(Table 2.5). These NIL groups were very similar in UHML, 31.9mm vs. 31.8 mm for the QTL-
and QTL+ NILs, respectively. It is conceivable that Acala SJ4 might already harbor the causal
allele responsible for improved UHML in this QTL region. Alternatively, it could have an
undetectable effect due to epistatic interactions or it could be masked by the beneficial fiber
alleles Acala SJ4 already possesses. This would explain why the presence or absence of the
region from SL883 has no effect on UHML in addition to the effect of the SL883 background
alone.

Similarly, the PM HS26 NILs harboring gUHM-Chr.25 performed statistically no
different for UHML than did their near isogenic counterparts. Although not statistically
significant, there was a numerical mean difference of 0.6mm between the QTL+ and QTL- lines,
representing about a 2% increase. The Acala SJ4 cottons are thought to have introgression from
G. barbadense in their pedigrees (Smith, et al., 1999) that have potentially lent them excellent
fiber quality and resistance to diseases such as Verticilium wilt (Zhang, et al., 2005). PM HS26
is the result of a cross between Acala SJ4 and 5B9-184, a re-selection from PM266 (Calhoun, et
al., 1997). Based on the pedigrees of these 2 cultivars, it seems plausible that Acala SJ4 could
already harbor the allele responsible for improved UHML, likely coming from G. barbadense for
both SL883 and Acala SJ4. This result is quite interesting and suggests an avenue for further

study.
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Another potential explanation for lack of effect in the Acala SJ4 and PM HS26
backgrounds is that these genotypes were not tested in their region of adaptation, therefore the
effect of the QTL could be masked by their relatively unadapted phenotypic response to the
growing environment in the lower southeastern US. In contrast, GA089 and DP50 lines are right
at home in their preferred growing region. It is possible that testing these lines in the desert
Southwestern US (Maricopa, AZ) and the Texas High Plains (Lubbock, TX) would result in

better expression of the QTL.

Genotype x Environment Interaction of gUHM-Chr.25
An analysis of the experimental variance revealed significant differences due to the Location

effect for UHML. That the effect of Location, in this case macro-environments within the US
cotton Belt, had a significant effect on average UHML of the trial, indicates that the testing
environments should have been good for the differential expression of the QTL based on
genotype’s area of adaptation(Table 2.6). The main effect of cultivar parent genetic background
(Background) had a significant effect on UHML, and ELO. This is not surprising because the
cultivars selected in this study vary considerably in UHML and ELO. However, it is surprising
that the other fiber traits such as MIC, FBS, and Ul were not also affected by the genetic
background effect, likely due to little variation in these traits among this set of cultivars. The
QTL effect can be compared via 4 possible genotypic categories in this study; (1) the QTL allele
from SL883 present in a cultivar background genome, (2) without the QTL allele but still a
hybrid progeny of a regionally adapted cultivar parent by SL883, (3) original cultivar parent, or
(4) the SL883 parent. Among these categories, there were significant differences due to the QTL
effect for MIC, UHML, and ELO. The QTL*Background interaction effect was significant for

MIC. The QTL*Background*Location effect was significant for UHML, accounting for about

85



4.3% of the total variance involving the QTL. Although a small effect, the results support our
speculation that the QTL would have variable expression depending on the genetic background
in which it is deployed and the environment in which that genetic background is being grown vs.
its adaptation region. It was expected that the genotypes with the regionally adapted
backgrounds would express the QTL disproportionately in their region of adaptation, and was the
primary reason for testing the QTL in these environments.

HVI fiber data for the SL883 x regional cultivar families are shown in Table 2.7,
indicating family average HV1 fiber performance of each background cultivar parent. Analysis
of variance indicated that differences for UHML and ELO were the only statistically significant
differences. SL883 had the lowest ELO value of 3.47, and the cultivar families ranged from
3.62% for the Acala SJ4 background to 4.34% for the PMHS26 background. UHML was
significantly different between each group. The longest fibers, as measured by UHML, were
produced by SL883 with 33.2mm, approaching the length of Pima cotton, or extra-long staple
cotton (ELS) at about 35mm. UHML mean of cultivar parents was highest for GA089, with
32.1mm. The Acala SJ4 background lines were significantly shorter at 31.7mm, followed by the
DP50 background with 31mm, and PM HS26 was shortest with UHML of 30.4mm.

When the data is partitioned by genetic background, the effect of the QTL is apparent
(Table 2.9). An increase of UHML due to presence of the QTL region is significant for 3 out of
the 4 families, representing an increase of 0.6mm, 0.5mm, and 0.4mm for the Acala SJ4, DP50,
and PMHS26 lines, respectively. Although not significant, an increase of 0.2mm was apparent
in the GA089 lines due to presence of the QTL. While the presence of SL883 background
genome in the lines tested increases UHML overall, the presence of the qUHM-Chr.25 has an

additional positive effect over the SL883 background alone.
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QTL groups are combined across backgrounds for HVI fiber properties in Table 2.8.
SL883 exhibited the lowest MIC readings of 3.67. Combined across the cultivar parent genetic
backgrounds, all lines derived from the cross with SL883 and harboring qUHM-Chr.25 allele
(QTL+), and those lines crossed with SL883 but not carrying the gUHM-Chr.25 from SL883
(QTL-) had similar MIC values. The cultivar parents exhibited higher average MIC than the
other categories. As these progenies are single-cross hybrids, meaning that on average they
contain 50% SL883 genome and 50% cultivar background genome, it is intuitive that the MIC
values would be intermediate to the parents. ELONG exhibited a similar result, where SL883
averaged ELO of 3.5% across the 4 testing locations, the cultivar parents, 4.6%, and the QTL+
and QTL- lines were intermediate with 3.9% and 4.0% respectively.

Similarly, UHML of the lines QTL+ and QTL- were intermediate to that of SL883 and
the regionally adapted cultivars. SL883 exhibited UHML of 33.2mm across the testing sites,
whereas the cultivar parents averaged far shorter UHML of 29.6mm. The hybrid progeny of the
cultivar parents and SL883, both QTL+ and QTL- were significantly shorter than SL883, but
longer than their cultivar parents on average. Lines QTL+ were no different statistically than
those lines QTL-, however the UHML mean was numerically higher for lines QTL+ at 31.5mm
versus the lines QTL- with an average UHML of 31.1mm. We did not see a significant increase
overall based on the presence of the qUHM-Chr.25 QTL in addition to that of the SL883 genome
alone. This is likely due to the small effect of the QTL, and/or the lack of sufficiently high
numbers of replications within and/or across environments.

Fine Mapping
Segregation of the recombined chromosome segment potentially harboring qUHM-Chr.25, had a

significant effect on UHML of the individual plants (IPs) tested in 2014 with at least a=0.10
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(Table 2.10). This was also evident in the group that was tested in 2014 as IPs and again as lines
in a replicated trial in 2015 (Table 2.11). For the families that were only tested in 2014 as
individual plants, families 1066-73 and -77, from the PM HS26 background all showed
significantly longer UHML when the SL883 portion of the recombined region was present, vs.
the cultivar portion (Table 2.12). The effect on UHML was an increase of 0.9mm, 1.5mm, and
1.3mm for families 1066-73, -77, and -93 respectively. For the family derived from the GA089
background, 5064-418, the effect was an increase of 1mm, not statistically significant at a=0.05
however it was at 0=0.10. CV was quite low for these families within each of the genetic
classes, ranging from 3.2 to 4.1%.

Similar results were seen in the replicated testing of these segregating lines, where the
effect of the segregation of the recombinant chromosome region was statistically significant
(Table 2.11). For the family 1066-78, which is a PM HS26 background genotype, UHML
differed significantly from sister lines without the SL883 segment by 1.4mm overall (Table
2.12). For the two GA089 families, 5064-422 and -440, the effect of the SL883 portion of the
chromosome segment improved UHML 0.9mm and 0.5mm, respectively. Again, CVs were
quite low, ranging from 2.9 to 3.2%.

While these 2 recombinant lineages, 1066 from the PM HS26 background and 5064 from
the GA089 background genotypes are unable to unequivocally resolve whether or not the other
portion of the previously delineated QTL region harbors other QTL that influence UHML, the
evidence suggests that the area between UGT2501 and UGT2509 harbors gUHM-Chr.25 or part

of it.
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CONCLUSION

When the gUHM-Chr.25 QTL was tested in 4 cultivars selected to represent genetic backgrounds
adapted to the four macro-environments where Upland cotton is primarily grown in the United
States cotton belt, the effect of this QTL was small, but significant in 3 out of the 4 cultivar
backgrounds tested. When measured in a near-isogenic state comparing NILs with and without
the QTL allele from SL883, the effect of gUHM-Chr.25 on UHML was significant in 2 of the 4
cultivar backgrounds tested. The effect of the QTL, when averaged across the backgrounds
tested in this trial, accounted for an additional 0.9mm in the QTL+ lines, though the difference
was not significantly different than the QTL- lines. When separated by background, the effect of
the QTL was not significantly greater than the SL883 background alone when deployed within
the Acala SJ4 or PM HS26 background, however it was significant for the DP50 and GA089
backgrounds, with an UHML increase of 1.4mm (4.5%) and 1mm (3.1%), respectively. Itis
worth mentioning that the PM HS26 QTL+ lines did have a numerically higher average UHML
of 0.6mm better than the QTL- lines, though the difference was not statistically significant. To
give these numbers some perspective, in over 40 years of breeding the US cotton crop has gone
from an average UHML of 26.7mm in 1975 to 28.2mm in 2014, an increase of only 1.5mm
(5.6%) (Incorporated, 2015). The utilization of foreign alleles from closely related species by
way of introgression lines, such as the SL883 qUHM-Chr.25 allele, has the potential to make
significant impacts on the cotton industry in relatively few years if deployed in commercial
germplasm.

Testing of recombinant lines suggest that the QTL likely falls within the region flanked
by UGT2501 and UGT2509. This region had a highly significant effect on lines from the

PMHS26 as well as the GA089 background. Because the testing to narrow down the region of
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interest was conducted on highly inbred recombinant sister lines, the data derived from the fiber
samples was highly uniform, and likely made the effect of the QTL that much more apparent.

qUHM-Chr.25 represents a G. barbadense-sourced QTL for the improvement of Upland
cotton germplasm. The effect of this QTL is significant, and along with the tightly linked marker
sequence included here, should prove to be beneficial in improving Upland cotton germplasm.
The portability of this QTL across diverse genetic backgrounds should make it valuable to

breeders interested in improving fiber quality, a driving theme in cotton breeding today.
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Table 2.1. Analysis of variance mean squares for nearly isogenic lines harboring qUHM-Chr.25
deployed within an Acala SJ4, Paymaster HS26, Deltapine 50, and Georgia 089 genetic
background compared to the cultivar parents and Sealand 883 parent in Tifton, GA in 2014 and
2015.

Source MICt UHML Ul FBS ELO SFC LPCT
dff

Year 1 326.3* 91.7* 507.4 963.4* 21739.1 134.7* 6.4
Rep 1 2.8 0.6 0.2 28.2 0.1 19 0.5
Error A 1 0.1 0.5 30.1 5.3 1719.5 0.2 0.3
Background 3 22.7**  23.4** 50.7* 46.7* 61154.6** 6.7 28.3**
Background*Year 3 35.4** 0.7 2.2 14.8 1152.2 9.9* 0.3
Error B 10 3.2 0.5 10.8 1.7 1084.1 2.4 0.2
QTL 4 270.8**  39.3** 28.7* 199.0** 63783.4** 14.5**  8.0**
QTL* Background 3 10.1 4.1%* 195 8.1 461.6 55 2.0*
QTL*Year 4 5.2 11 5.7 23.3 3046.7 8.8* 0.1
QTL* Background *Year 3 34 0.2 5.3 11.6 3104.5 2.3 0.1
Error C 2748 8.8 1.2 11.4 19.4 2685.2 2.9 0.5

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

T MIC, micronaire; UHML, upper half mean length; Ul, uniformity index; FBS, fiber bundle strength;
ELO, elongation; SFC, short fiber content; LPCT, lint percent.

1 df, degrees of freedom.

8 Error C df for LPCT are 275.
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Table 2.2. Mean UHML values of nearly isogenic lines for gJUHM-Chr.25 deployed within
several regionally adapted genetic backgrounds, Acala SJ4, Paymaster HS26 (PM HS26),
Deltapine 50 (DP 50), and Georgia 2004089 (GA089) compared to the cultivar parents and
Sealand 883 (SL883) parent in Tifton, GA in 2014 and 2015 field trials.

UHML

mm

QTL () 31.5bt
QTL (+) 32.4b
Acala SJ4 29.2cd

DP50 28.6d
GAO089 29.9c
PM HS26 29.0cd
SL883 33.5a
Cv 3.4

T UHML, upper half mean length.
1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.3. Agronomically important fiber trait mean values of nearly isogenic lines for gUHM-

Chr.25 deployed within several regionally adapted genetic backgrounds, Acala SJ4, Paymaster
HS26 (PM HS26), Deltapine 50 (DP 50), and Georgia 2004089 (GA089) compared to the
cultivar parents and Sealand 883 (SL883) parent in Tifton, GA in 2014 and 2015 field trials.

MIC Ul FBS ELO SFC LPCT

unit % kN m kg % % %
QTL (-) 4.0cd 84.4ab 303.6ab 5.6¢ 7.3b 32.9¢c
QTL (+) 3.7d 84.2bc 306.5ab 5.3c 7.1b 32.3cd
Acala SJ4 4.1bc 84.6ab 297.6b 6.2b 7.0b 32.7¢c
DP50 4.8a 84.1bc 270.9¢c 6.6b 7.9a 37.0b
GAO089 4.3h 84.8ab 313.8a 5.4c 7.3b 40.9a
PM HS26 4.2hc 85.4a 312.6a 7.1a 6.8b 30.3d
SL883 3.1e 83.3c 310.3ab 4.4d 6.9b 27.8e
CcVv 7.7 1.3 45 9.5 7.8 7

T MIC, micronaire; Ul, uniformity index; FBS, fiber bundle strength; ELO, elongation; SFC, short fiber

content; LPCT, lint percent.

1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.4. Analysis of variance mean squares for the effect of qUHM-Chr.25 QTL in a nearly-
isogonic state on fiber upper half mean length (UHML) deployed within an Acala SJ4,

Paymaster HS26 (PM HS26), Deltapine 50 (DP 50), and Georgia 2004089 (GA089) genetic
background in Tifton, GA in 2014 and 2015.

Acala SJ4 DP 50 GA089 PM HS26
dff df df df
Year 1 24.82 1 5574.96* 1 105.05** 1  22704.98**
Rep 1 1.95 1 0.02 1 0.35 1 155.58**
Error A 1 0.56 1 14.63 1 0.17 1 0.01
QTL 3 13.04** 3 4670.67** 3 25.87** 3 14777.59**
QTL*Year 3 0.42 3 78.78 3 1.67 3 351.38
Error B 37 1.80 81 138.87 117 0.79 40 1258.84
CcV 4.2 3.7 2.8 3.6

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

t df, degrees of freedom.
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Table 2.5. Effect of qUHM-Chr.25 QTL on fiber upper half mean length (UHML) deployed in a
nearly isogenic state within Acala SJ4, Paymaster HS26 (PM HS26), Deltapine 50 (DP 50), and
Georgia 2004089 (GA089) genetic backgrounds compared to the cultivar parents (Bcknd Parent)
and Sealand 883 (SL883) in Tifton, GA in 2014 and 2015.

AcalaSJ4 PM HS26 DP 50 GAO089

mm mm mm mm
Bcknd Parentt 29.2¢c 29.0c 28.6¢ 29.9d
QTL (~) 31.9b 30.6b 31.3b 31.8¢c
QTL (+) 31.8b 31.2b 32.7a 32.8b
SL883 33.5a 33.3a 33.6a 33.6a
CcVv 4.2 3.6 3.7 2.8

t Becknd Parent, Cultivar background parent; QTL+, Lines with gUHM-Chr.25 from SL883; QTL- lines
without gUHM-Chr.25 from SL883.
1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.6. Analysis of variance mean squares for HVI fiber quality parameters in field trials of
qUHM-Chr.25 deployed within 4 regionally adapted cultivars, Acala SJ4, Paymaster HS26,
Deltapine 50, and Georgia 089, compared to the Sealand 883 parent in Maricopa, AZ, Lubbock,
TX, Baton Rouge, LA, and Florence, SC in 2011.

Source dff MIC UHML FBS ELO Ul
Rep 1 459 0.024 6.38 0.55 8.02
Location 3 346 0.146*  42.19 1.76 36.61
Error A 3 169 0.005 19.42 0.20 6.66
Background 3 1.14 0.057** 21.85 5.91** 3.68
Background*Location 12 0.43 0.007 3.57 0.45 191
Error B 15 054 0.007 7.56 0.51 2.18
QTL 2 550**  0.082** 147 4.76** 0.24
QTL*Background 6 0.42* 0.004 4.80 0.40 2.13
QTL*Background*Location 20 0.22 0.004* 2.08 0.26 1.00
Error C 1520 0.17 0.002 3.15 0.19 1.06

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

T MIC, micronaire; UHML, upper half mean length; FBS, fiber bundle strength; ELO, elongation; Ul,
uniformity index; Background, cultivar parent genetic background.

t df, degrees of freedom.
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Table 2.7. SL883 x regional cultivar family group means for HVI fiber quality parameters in

field trials of gUHM-Chr.25 deployed within 4 regionally adapted cultivars, Acala SJ4,
Paymaster HS26 (PM HS26), Deltapine 50 (DP 50), and Georgia 089 (GA089) compared to the
Sealand 883 (SL883) parent in Maricopa, AZ, Lubbock, TX, Baton Rouge, LA, and Florence,

SCin 2011.

MICt UHML FBS ELO Ul
n unit mm KNmkg! % %
Acala
SJ4 393 41 31.7ct 311.7 3.62d 82.6
DP50 391 4.3 31.0d 306.8 4.19b 82.9
GAO089 390 4.2 32.1b 318.3 3.81c 83.3
PMHS26 387 4.2 30.4e 322.9 4.34a 83.2
SL883 26 3.7 33.2a 3121  347e 828

T MIC, micronaire; UHML, upper-half mean length; FBS, fiber bundle strength; ELO, fiber bundle

elongation; Ul, uniformity index.

1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.8. QTL x Background means for HV1 fiber quality parameters in field trials of qUHM-
Chr.25 deployed within 4 regionally adapted cultivars, Acala SJ4, Paymaster HS26 (PM HS26),
Deltapine 50 (DP 50), and Georgia 2004089 (GA089) compared to the Sealand 883 (SL883)
parent in Maricopa, AZ, Lubbock, TX, Baton Rouge, LA, and Florence, SC in 2011.

Acala SJ4 DP50 GA089 PMHS26
QTL+t 32.1at 31.3a 32.2a 30.7a
QTL- 31.5b 30.8b 32.0a 30.3b
Cultivars 30.5b n/a n/a 28.5¢

TQTL+, Lines with gUHM-Chr.25 from SL883; QTL- lines without qUHM-Chr.25 from SL883.

}Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.9. Combined across-background QTL group means for HVI fiber quality parameters in

field trials of gUHM-Chr.25 deployed within 4 regionally adapted cultivars, Acala SJ4,

Paymaster HS26, Deltapine 50, and Georgia 089 (Cultivars) compared to the Sealand 883
(SL883) parent in Maricopa, AZ, Lubbock, TX, Baton Rouge, LA, and Florence, SC in 2011.

MICt  UHML FBS ELO ul
n units mm KNmkg-1 % %
SL883 261 3.67¢c 33.2a 312.1 3.5¢ 82.8
QTL+ 808 4.13b 31.5b 315.5 3.9b 83
QTL- 736 4.27b 31.1b 314.3 4.0b 83
Cultivars 17 4.63a 29.6¢ 311.6 4.6a 82.8

TMIC, micronaire; UHML upper-half mean length; FBS, fiber bundle strength; ELO, elongation; Ul,

uniformity index.

}Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 2.10. Analysis of variance mean squares for UHML means from individual of several
recombinant families segregating for the region containing qUHM-Chr.25, grown in Tifton, GA
in 2014.

PM HS26 GA089
1066-737 1066-77 1066-93 5064-418
dft MS df MS df MS df MS
Source
QTL 2 7.40* 2 8.92* 2 3.92 2 2.61
Error 57 0.92 52 1.04 40 1.38 68 1.63

* Significant at the 0.05 probability level.
T Families derived from individual heterozygous F6 plants designated 1066-73, 1066-77, 1066-93, 5064-
418.

t df, degrees of freedom.
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Table 2.11. Analysis of variance mean squares for UHML means from individual plants and
replicated plots from recombinant families for the region containing gUHM-Chr.25, grown in
Tifton, GA in 2014 and 2015.

PM HS26 GA089
1066-787 5064-422 5064-440
dft MS df MS df MS
Source
QTL 2 20.03** 2 13.98** 2 4.20*
Rep 2 0.11 2 3.14* 2 1.45
Error 165 0.87 221 0.87 223 0.98

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
T Families derived from individual heterozygous F6 plants designated 1066-78, 5064-422, and 5064-440.

1 df, degrees of freedom.
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Table 2.12. UHML means from individual plants from the 3 genetic classes of several

recombinant families for the region containing qUHM-Chr.25, grown in Tifton, GA in 2014.

PM HS- 267 GA089
n 1066-73f n 1066-77 n 1066-93 n 5064-418
mm mm mm mm
Cultivar§ 14 29.8bf 16  28.6b 8 28.4 29 307
Heterozygous 28  29.6b 27  29.6a 25 291 28 312
SL883 18  30.7a 12 30.1a 10 297 15 317
CcVv 3.2 3.5 4.0 4.1

T Paymaster HS26 background families, PM HS26; Georgia 089 background families, GA089.

1 Families derived from individual heterozygous F¢ plants designated 1066-73, 1066-77, 1066-93, 5064-
418.

8 Identity of SSR-marker loci UGT2501 — UGT2509.

 Within columns, means followed by the same letter are not significantly different according to Waller-

Duncan LSD, k=100.
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Table 2.13. UHML means from individual plants and replicated plots from the 3 genetic classes

of several recombinant families for the region containing gUHM-Chr.25, grown in Tifton, GA in

2014 and 2015.
2014 2015
Background Family n IPSt n Rep 1 n Rep 2 Overall Mean
mm mm mm mm
PM HS26 1066-78f  Cultivar 15 287 14 288 14 28.8 28.8¢c
Heterozygous 33 293 30 295 25 29.3 29.4b
SL883 14 30.3 12 30.0 13 30.1 30.2a
CcVv 3.2
mm mm mm mm
GA089 5064-422  Cultivar 28 310 13 31.2 13 31.0 3l.1c
Heterozygous 48 318 30 31.8 30 31.4 31.7b
SL883 31 323 16 321 17 315 32.0a
CcVv 2.9
mm mm mm mm
GA089 5064-440  Cultivar 27 315 22 31.0 23 30.7 31.1b
Heterozygous 38 314 33 314 33 31.5 31.4ab
SL883 25 315 15 317 12 31.6 31.6a
CcVv 3.2

TIPS, individual plant data; Rep 1 and Rep 2, 30-boll sample from replicated plots.

1 Families derived from individual heterozygous F6 plants designated 1066-78, 5064-422, and 5064-440.
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CHAPTER 3

REGISTRATION OF R01-40-08, A GOSSYPIUM HIRSUTUM, UPLAND COTTON
GERMPLASM LINE WITH QFL-CHR.1 INTROGRESSED FROM G. BARBADENSE

CONFERRING IMPROVED FIBER LENGTH

Nino Brown,* Xinlian Shen, Rippy Singh, Edward L. Lubbers, C. Wayne Smith, Pawan Kumar,
Don Jones, Andrew H. Paterson, PengW. Chee.
To be submitted to Journal of Plant Registrations.
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REGISTRATION OF R01-40-08, A GOSSYPIUM HIRSUTUM, UPLAND COTTON
GERMPLASM LINE WITH QFL-CHR.1 INTROGRESSED FROM G. BARBADENSE

CONFERRING IMPROVED FIBER LENGTH.
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INTRODUCTION

Upland cotton, Gossypium hirsutum, is used extensively across the globe for production of
textiles. This unique fiber, feed and oil crop is especially valued for the ability of its fiber to
produce a spinnable thread with which to make comfortable cotton clothes. The cotton industry
has seen increased competition from man-made fibers in recent decades due to lower synthetic
fiber prices and the high cost of cotton fiber production. Modern crop improvement in cotton
has focused primarily on yield to bridge the price gap for the industry, however, modern textile
production technologies are requiring a more uniform, longer, and stronger fiber that can be spun
cheaply and efficiently into a high-quality textile yarn. A primary focus of improving fiber yield
has likely contributed to stagnation of cotton fiber quality improvement. For example, from
1975 to 2015, Upland cotton yields have seen an increase of 70% from 500kg/ha to 850 kg/ha,
whereas average cotton fiber upper half mean length (UHML) has increased only 5.6% from
26.7mm in 1975 to 28.2mm in 2014 (Incorporated, 2015). The evident stagnation in cotton fiber
quality improvement is concerning given that the available G. hirsutum germplasm from which
to draw shows little genetic diversity, especially among the commercial germplasm (Bertini, et
al., 2006; Fang, et al., 2013; VVan Becelaere, et al., 2005). The increasing competitive pressure of
man-made fibers such as polyester provide further impetus for the improvement of Upland
cotton fiber for the benefit of cotton producers in this country and abroad.

Gossypium barbadense, also known as Pima, Sea Island, or Egyptian cotton, exhibits
fiber quality parameters that far exceed its cousin, Upland cotton. It has long been a goal of
public and private breeders to introgress some of the excellent fiber traits of G. barbadense into
the higher yielding and widely adapted G. hirsutum, but has had limited success. Hybrid

breakdown (Stephens, 1949), sterility, and abnormal segregation (Jiang, et al., 2000; Reinisch, et
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al., 1994) and other complications have hampered incorporation of positive alleles from G.
barbadense. However, some important examples of successful incorporation of alleles from
interspecific sources exist. Extensive backcrossing and introgression efforts have been made to
improve many traits, but especially fiber quality in G. hirsutum (Campbell, et al., 2011;
Campbell, et al., 2010; Cantrell and Davis, 1993; Tatineni, et al., 1996). Successful cases of
introgression usually involve the incorporation of the interspecific segments of DNA by way of
introgression lines rather than direct or single cross hybrids (Percy, et al., 2006; Shen, et al.,
2007; Sun, et al., 2012; Zeng and Meredith, 2009; Zhang, et al., 2012; Zhang, et al., 2009).

The germplasm line reported here was derived from an inbred backcross mapping
population of the recurrent parent, G. hirsutum cv. TAMCOT 2111 (Smith and Niles, 1991)
(PVP 9100221, P1554643), and G. barbadense cv., PIMA S-6 (Feaster and Turcotte, 1984) (Pl
608346) as the donor of gFL-Chr.1 for improved UHML (Chee, et al., 2005; Shen, et al., 2011;
Xu, et al., 2017). The QTL of interest, gFL-Chr1 was originally identified in a BC3F2 mapping
population and explained 12-24% of the variation for UHML in the original population (Chee, et
al., 2005). The line selected for release, R01-40-08, was derived from an individual plant
selection in a BC3F3 line and harbors gFL-Chr.1, a QTL for improved fiber length from G.
barbadense (Shen, et al., 2011). The development of R01-40-08 and the mapping population
from whence it came is the result of a collaboration between the Plant Genome Mapping Lab at
the University of Georgia in Athens, GA; Molecular Cotton Breeding Lab at the University of
Georgia in Tifton, GA; and the Cotton Improvement Lab at Texas A&M University in College
Station, TX. R01-40-08 represents a G. hirsutum line with improved UHML derived from the

introgression of a portion of G. barbadense genome harboring a QTL for improved UHML, and
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will be a useful resource for cotton breeders to improve their breeding programs using marker

assisted selection (MAS) for more rapid fixation in their breeding pools.

MATERIALS AND METHODS

Originally mapped using an inbred backcross population from the cross of G. hirsutum cv.
TAMCOT 2111 (recurrent) and G. barbadense cv. PIMA S-6 (donor), the gFL-Chrl QTL
demonstrated a significant effect on UHML (Chee, et al., 2005). TAMCOT 2111 was the result
of a cross between PD 6142 (Culp, et al., 1985) (CSR 87, GP 250) and an unreleased Texas
Agrilife Research germplasm line. A series of 140 near-isogenic lines (NIL) were developed to
further explore and demonstrate the effectiveness of the QTL. One of the BC3F2 parent plants
used to develop the NILs, R01-40, was heterozygous for the QTL region of interest at restriction
fragment length polymorphism (RFLP) marker pGH377 and p9-54, both of which flank the QTL
region spanning about 50 cM (Shen, et al., 2011). R01-40 was fixed at the majority of other
chromosomal regions for one parent or the other. BCsF3 families were derived from selfing
R01-40, within which 24 plants were self-pollinated in the greenhouse and advanced to the
BCsF4 to ensure genetic purity. Three sister lines (R01-40-03, R01-40-08, R01-40-20) from the
R01-40 family were identified that exhibited both improved UHML and seemed to display
beneficial agronomic potential.

To evaluate the agronomic performance of these lines, field trials were conducted in
2009, 2013, and 2014 at Tifton and Plains, GA. Soil types encountered at the Gibbs Research
Farm in Tifton, GA include Tifton loamy sand, fine-loamy, kaolinitic, thermic Plinthic
Kandiudult; and Clarendon loamy sands, fine-loamy, siliceous, semiactive, thermic Plinthaquic
Paledult. Soils at the Southwest Georgia Research and Education Center in Plains, GA include

Greenville sandy loam, a fine, kaolinitic, thermic Rhodic Kandiudult; Faceville sandy loam, fine,
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kolinitic thermic Typic Kandiudults; and Tifton sandy loams. Field trials were laid out in a
randomized complete block design with 2 row plots that were 12 m long and spaced 1 m apart.
Standard regional production practices were employed each year for the field trials. Twenty-five
bolls were harvested by hand from the mid-fruiting zone from each plot and ginned on a 10-saw
laboratory gin. Fiber data was analyzed using the High volume instrument (HV1) by the Fiber
Quiality Laboratory at Cotton Incorporated in Cary, NC. Fiber yield was measured by harvesting
the plots with a two-row cotton spindle picker modified for harvesting and weighing yield trial
plots. Statistical analyses were conducted using the PROC GLM function in the SAS/STAT

software, Version 9.4 of the SAS System for Windows (SASInstitute, 2014).

CHARACTERISTICS

Analysis of variance mean squares revealed that the main effect of Year had a significant
effect on the experimental mean of UHML, Ul, fiber bundle strength (FBS), and elongation
(ELO) (Table 3.1). Location means were significantly different for lint yield (YLD) and
micronaire (MIC), which is typical as these two traits are highly influenced by the environment
in which they are grown; Tifton and Plains represent two very different growing regions in
southern Georgia. Again, YLD and MIC means were significantly different for Year x Location,
as well as short fiber content (SFC), likely due to the influence of the environment. Differences
between genotypes were significant for each of the measured traits, YLD, lint percent (LP), MIC,
UHML, Ul, FBS, ELO, and SFC. LP and FBS showed an interaction with Genotype x Year,
although they represented a small portion of the total Genotypic variance at 26.5% and 10.7%,

respectively.
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The R01-40 germplasm lines exhibited average MIC readings that were similar to both
parents, PIMA S-6 and TAMCOT 2111, or intermediate to the parents (Table 3.2). R01-40-03
exhibited the highest MIC of 4.69, which was not different than TAMCOT 2111. R01-40-08 had
an intermediate MIC of 4.53, and R01-40-20 had the lowest MIC of the germplasm lines. Low
MIC can indicate either a fine fiber if the fibers are mature, or it can also be indicative of low
fiber maturity, that is, poor secondary cell wall deposition within the fiber cells, which makes the
fiber weak and the dye-uptake poor. The probability that R01-40-20 has poor fiber maturity is
doubtful as its parent is PIMA S-6, which is known for having fine fibers when mature. Each of
these three germplasm lines have MIC values well within normal or non-discount ranges, with
R01-40-20 approaching the upper premium threshold of 4.3.

UHML improvement was significant both statistically as well as biologically.
Introgression of this fiber length QTL from PIMA S-6 improved the UHML by at least 1mm in
the case of R01-40-03, and as high as 1.5mm for R01-40-08, which is equivalent to nearly 2
staple units (1/32 inch). Although significantly shorter than PIMA S-6, the three germplasm
lines had significantly longer UHML than TAMCOT 2111, representing a 3-5% increase in
UHML due to the introgressed fiber length QTL. The PIMA S-6 parent used for comparison in
these trials, showed uncharacteristically low mean UHML possibly because it is not adapted to
the Southeast production region. Alternatively, the PIMA S-6 utilized in the test might have
experienced some genetic drift from years of increasing seed in an area with a large population
of pollinators.

R01-40-03, had the highest Ul followed by R01-40-08 and TAMCOT 2111. Differences
between these three were not significant. PIMA S-6 and R01-40-20 had lower Ul, indicating

that fiber length was slightly more variable in these genotypes than the others in the trial. Itis
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important to note, however, that all of the Ul values seen here are within the premium range
given to growers. So while the differences are significant, they are not agronomically
meaningful since they are all at premium level for Ul, which gives further evidence that these
genotypes produce fibers that are desirable for spinners. SFC was highest for R01-40-20 with
7.61%, which makes it relatively more undesirable than the other lines. The other genotypes
tested had significantly lower SFC than R01-40-20.

TAMCOT 2111 and R01-40-03 made up the significance group with the highest ELO
values averaged across the 6 testing environments. R01-40-03 and R01-40-20 were similar in
the second group, followed by R01-40-20, R01-40-08, and PIMA S-6 in the third significance
group. It is interesting to note here that the lines with the shortest fibers had the highest ELO
values such as TAMCOT 2111 and R01-40-03. Conversely, lines R01-40-08 and PIMAS S-6,
which had the longest fibers had the lowest ELO values.

TAMCOT 2111 and R01-40-08 were the two highest yielding lines in the trial, and were
not significantly different from each other for YLD. R01-40-20, PIMA S-6, and R01-40-03 were
the lowest yielding lines. R01-40-08 was clearly the superior sister-line as it had the highest
YLD and significantly improved fiber quality over the TAMCOT 2111 recurrent parent,
especially for fiber length due in large part to the incorporation of the fiber length QTL qFL-
Chrl. RO01-40-08 is unique in that it demonstrates a significant improvement in fiber length of
5% over the recurrent parent, TAMCOT 2111, while simultaneously maintaining the desirable
YLD potential of TAMCOT 2111. It could be argued that a 5% gain over several years is not
groundbreaking. However, it is indeed unique to see a QTL of G. barbadense origin
introgressed into G. hirsutum to make significant improvement in the fiber without sacrificing

the YLD characteristics of the recurrent parent due to linkage drag. This QTL has a modest
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effect, but using the molecular markers described previously, breeders can rapidly screen large
populations prior to planting to eliminate those lines without the QTL, thereby focusing their
limited resources toward lines with higher genetic potential for UHML. Germplasm resources
such as these may prove beneficial to the cotton breeding community, as genetic gain becomes
more stagnant for fiber quality traits. R01-40-08 is also unique in that introgression of fiber
quality traits from G. barbadense rarely has resulted in genotypes that yield as well as the G.
hirsutum recurrent parent.

LP and FBS values over the course of these trials showed interesting results, and a
significant GXE interaction deserving of discussion here. Most of the genotypes, including the
R01-40 sister lines and TAMCOT 2111, exhibited consistent LP as well as FBS values. PIMA
S-6, however, did not show a great deal of consistency for either trait (Table 3.3). Across the
three testing years, R01-40-08 exhibited LP values equal to or better than the recurrent parent,
TAMCOT 2111, which was in the highest LP group. While R01-40-08 indeed has fiber length
similar to PIMA S-6, it does not exhibit similar FBS. The FBS values of R01-40-08 were

consistently lower than PIMA S-6, but equivalent to or better than the recurrent parent.

JUSTIFICATION FOR RELEASE

Before the advent of modern spinning technologies, the focus by breeders was on lint yield per
hectare. In today’s cotton industry, textile mills require a much higher quality fiber than
previous varieties have supplied. The limited genetic diversity of Upland cotton germplasm does
not lend itself to rapid genetic gain of the commercial Upland crop. It is for this reason that
many public cotton breeding programs in the US have put increasing focus on fiber quality

improvement.
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The germplasm line, R01-40-08, represents a milestone in Upland cotton germplasm
improvement in that, as far as we know, it is the first publicly released germplasm carrying a
purposefully introgressed G. barbadense fiber length QTL using MAS whose effect has been
validated. R01-40-08 yields similarly to the recurrent, G. hirsutum parent, TAMCOT 2111, and
has improved UHML from the introgressed QTL, gFL-Chr.1 from G. barbadense donor, PIMA
S-6. This introgression line is unique in that it is a predominantly G. hirsutum genetic
background, yields well, and has introgression of interspecific origin. R01-40-08 may serve well
the cotton industry in improving the fiber and spinning quality of American Upland cotton, and
with the available tightly linked SSR markers published previously by this laboratory (Shen, et
al., 2011; Xu, et al., 2017), this germplasm line will be an important addition to the Upland
cotton breeding lexicon. The use of this introgression and the associated markers will help

breeders to improve fiber length.

AVAILABILITY

Inquiries regarding availability of seed for research purposes or for commercial use should be

directed to the corresponding author.
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Table 3.1. Analysis of variance mean squares for R01-40 germplasm lines, and the parents
TAMCOT 2111 and PIMA S-6 grown in 2009, 2013, and 2014 at Tifton and Plains, GA.

Source YLDt LP MIC UHML ul FBS ELO SFC
dff dfg dff

Year 1 15 2 17 2 65 46* 61* 1695*  579* 49
Error A 2 48 4 6 4 12 5 3 155 74 12
Location 1 3440*%* 1 2 1 137** 19 5 1 36 4
Year x Location 1 326** 2 8 2 81* 189 19 452 110 124*
Error B 4 4 6 3 6 8 41 9 99 42 12
Genotype 4 96** 4 24** 4 59** 182** 34** 10208**  174** 135**
Genotype x Year 4 31 8 13** 8 11 27 7 1293** 49 21
Genotype x Location 4 44 4 5 4 2 6 3 47 4 11
Genotype x Year x Location 4 19 8 3 8 8 13 11 274 16 17
Error C 32 22 48 4 47 5 14 7 246 34 1

*Significant at p<0.05 probability level.

**Significant at p<0.01 probability level.

tYLD, lint yield; LP, lint percent; MIC, micronaire; UHML, upper-half mean length; Ul, uniformity
index; FBS,fiber bundle strength; ELO, fiber bundle elongation; SFC, short fiber content.

1Degrees of freedom for YLD.

8Degrees of freedom for LP.

fDegrees of freedom for MIC, UHML, Ul, FBS,ELO, SFC.
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Table 3.2. Genotype means for HV1 fiber qualities and lint yield (YLD) in R01-40 germplasm
lines, and the parents TAMCOT 2111 and PIMA S-6 grown in 2009, 2013, and 2014 at Tifton

and Plains, GA.
Genotype MICY UHML Ul ELO SFC YLD
units mm index % % kg/h

PIMA S-6 4.37ct 32.1a 84.4bc 5.4c 7.1b 869c
R01-40-03 4.69a 31.0b 85.2a 6.1ab 7.0b 901bc
R01-40-08 4.53b 31.5b 84.9ab 5.7c 7.2b 1033ab
R01-40-20 4.37c 31.3b 84.0c 5.8bc 7.6a 856¢
TAMCOT 2111 4.73a 30.0c 84.6ab 6.3a 7.1b 1076a
CV% 5.1 3.0 1.0 10.0 3.9 17.6

TMIC, micronaire; UHML upper-half mean length; Ul, uniformity index; ELO, elongation; SFC, short

fiber content; YLD, lint yield.

1Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 3.3. Genotype means by year for lint percent (LP) and HVI fiber bundle strength (FBS)
for RO1-40 germplasm lines, and the parents TAMCOT 2111 and PIMA S-6 grown in 2009,

2013, and 2014 at Tifton and Plains, GA.

LPT FBS

Genotype 2009 2013 2014 2009 2013 2014

% % % oltex oltex g/tex
PIMA S-6 38.0abt  34.1b 35.7ab  39.8a 36.1a 34.2a
R01-40-03 36.7ab 355ab 35.9a  30.8b 32.8bc  31.7b
R01-40-08 40.3a 36.5a 35.8a  31.8b 33.6b 31.1bc
R01-40-20 34.2b 34.6b 342b  31.0b 31.9cd  30.7c
TAMCOT 2111 34.8b 36.9a 36.0a  30.1b 31.3d 30.8bc
CV% 8.5 4.0 3.1 7.0 3.6 2.7

TLP, lint percent; FBS,fiber bundle strength.

}Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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CHAPTER 4

AGRONOMIC PERFORMANCE OF QFL-CHR.1 FROM GOSSYPIUM BARBADENSE
INTROGRESSED FROM GERMPLASM LINE R01-40-08 INTO FOUR UPLAND COTTON

(G. HIRSUTUM, L.) GENETIC BACKGROUNDS

Nino Brown,* Xinlian Shen, Rippy Singh, Edward L. Lubbers, Pawan Kumar, Don Jones,
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INTRODUCTION

Fiber quality of both natural and synthetic fibers continues to be of great importance to the textile
industry. Competition from synthetic fibers and economic factors have made cotton (Gossypium
spp.) fiber quality improvement more important for the continued success of cotton production in
the US (Deussen, 1993; Faerber and Deussen, 1994). For the three major spinning technologies
currently used in yarn production, ring, air-jet, and rotor spinning, fiber upper half mean length
(UHML) is an important characteristic that gives the yarn strength and determines the fineness of
the yarn produced (Bedez Ute and Kadoglu, 2014; Ramey, et al., 1977). Fiber length, however,
has been shown to be negatively correlated with yield (Azhar, et al., 2004; Meredith and Bridge,
1971; Miller, et al., 1958; Scholl and Miller, 1976; Shen, et al., 2007; Smith and Coyle, 1997),
and as such requires focus from breeders and geneticists to try to improve quality without
sacrificing yield.

Fiber quality improvement of cotton has likely been hampered by the limited genetic
diversity within the crop caused by the genetic bottlenecks of domestication (Igbal, et al., 2001),
followed by selective breeding. Several studies have been conducted that support this idea, and
have shown a great deal of genetic similarity within the modern Upland cotton (Gossypium
hirsutum) germplasm base (Abdurakhmonov, et al., 2008; Bertini, et al., 2006; Fang, et al., 2013;
Pillay and Myers, 1999; Rungis, et al., 2005). One of G. hirsutum’s closely related species, G.
barbadense, or Pima cotton, is renowned for its exceptional fiber length and strength and is inter-
fertile with G. hirsutum to some extent. Introgression of fiber traits from G. barbadense is
possible but the early generations of hybrid populations often exhibit hybrid break down
(Stephens, 1949), lower levels of recombination (Reinisch, et al., 1994), infertility, unexpected

segregation ratios in later generations (Jiang, et al., 2000), and agronomically undesirable
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offspring. Extensive backcrossing and introgression efforts have been made to improve many
traits, but especially fiber quality in G. hirsutum (Campbell, et al., 2011; Campbell, et al., 2010;
Cantrell and Davis, 1993; Tatineni, et al., 1996). Successful cases of introgression usually
involve the incorporation of the interspecific segments of DNA by way of introgression lines
rather than direct or single cross hybrids (Shen, et al., 2007; Sun, et al., 2012; Zhang, et al., 2012;
Zhang, et al., 2009). Percy et al. (2006), using stabilized introgression lines, created a group of
recombinant inbred lines (RILs) that had significant portions of G. barbadense introgression in a
G. hirsutum background, and identified several RILs that exhibited positive transgressive
segregation for lint percent (LPCT) and 2.5% span length, as well as no significant correlation
between lint yield and fiber quality traits (Percy, et al., 2006).

One such introgression line, R01-40-08, developed by the University of Georgia
Molecular Cotton Breeding Laboratory, was derived from an advanced backcross mapping
population of the recurrent parent, G. hirsutum cv. TAMCOT 2111 (PVP 9100221, Pl 554643),
and the G. barbadense cultivar, Pima S-6 (Feaster and Turcotte, 1984) (Pl 608346)(Shen, et al.,
2011). R01-40-08 carries an introgressed quantitative trait locus (QTL) from Pima S-6, qFL-
Chr.1, that explained 12-24% of the variation for UHML in the original mapping population, and
conferred an average increase in UHML of 1.5mm, or 5% over the recurrent parent across 3
years of testing in Tifton and Plains, GA (Brown et al., in review, 2017). While this QTL had a
decidedly significant effect in the original population, it was unclear if the QTL would have a
similarly significant effect on UHML in other genetic backgrounds. Interactions between QTL,
genetic background, and/or environment could influence the expression of a given QTL
(Lecomte, et al., 2004; Sebolt, et al., 2000; Tanksley and Hewitt, 1988), making validation an

important step after mapping an economically important QTL. Interactions between QTL and
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genetic background are further expected when it is of interspecific origin (Chee, et al., 2005a;
Chee, et al., 2005b; Draye, et al., 2005). The purpose of this study was to deploy gFL-Chr.1,
which had a large effect on UHML in the original bi-parental population, in several genetic
backgrounds adapted to the 4 major growing regions of the US, to determine its suitability as a

candidate QTL for improving UHML in the US germplasm base.

MATERIALS AND METHODS

The lines used in this study were developed from the crossing of inbred introgression line, RO1-
40-08, which harbors qFL-Chr.1, with four regionally adapted cultivars chosen for their iconic
representation of regional adaptation. These cultivar parents include Acala SJ4 (P1 529539),
representing germplasm of the arid Southwest; Paymaster HS-26 (PM HS26, Pl 606814)
representing the stripper-harvested cultivars typical of the Texas High Plains; Deltapine 50
(DP50, P1 529566), a formerly popular cultivar in the Mississippi Delta production region; and
GA2004089 (GA089), an unreleased breeding line from the University of Georgia Molecular
Cotton Breeding Laboratory, typical of Southeastern type cotton cultivars.

Initial cross pollinations were made in 2011, with F1 plants grown at the USDA Cotton
Winter Nursery in Tecoman, Mexico. About 300 F> plants were individually harvested from
each of the four RO1-40-08 by cultivar background families. The F2:3 progeny rows, grown in
2013, served as seed increase for the following year. Replicated trials were conducted in 2014 at
the University of Georgia, Gibbs Research Farm in Tifton, GA and the Southwest Georgia
Research and Education Center in Plains, GA. In 2015, replicated trials were planted only at the
Gibbs Research Farm. Soil types encountered at the Gibbs Research Farm in Tifton, GA include
Tifton loamy sand, fine-loamy, kaolinitic, thermic Plinthic Kandiudult; and Clarendon loamy

sands, fine-loamy, siliceous, semiactive, thermic Plinthaquic Paledult . Soils at the University of
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Georgia, Southwest Georgia Research and Education Center in Plains, GA include Greenville
sandy loam, a fine, kaolinitic, thermic Rhodic Kandiudult; Faceville sandy loam, fine, kaolinitic
thermic Typic Kandiudults; and Tifton sandy loams.

Field trials were laid out in a randomized complete block design, replicated twice at each
location. In 2014 at Plains, plots were 2 rows wide spaced approximately 1m apart, and were
10m in length. In Tifton in 2014, plots were 2 rows wide, also spaced 1m apart, but were 5m
long. In 2015, at Tifton, plots were approximately 7m long, with rows spaced 1m apart. A 30-
boll sample was collected from each plot by hand from the mid-fruiting zone of the plants. After
collection of boll samples, plots were harvested using a 2-row spindle type cotton picker
modified for weighing plots, and plot weights were collected to estimate lint yield. Boll samples
were ginned on laboratory gins to collect LPCT data and the fiber samples were sent for high
volume instrument (HV1) testing at the Fiber Testing Laboratory of Cotton Inc. in Cary, NC.
Statistical analyses were conducted using the PROC GLM function in the SAS/STAT software,
Version 9.4 of the SAS System for Windows (SASInstitute, 2014). For the analysis of variance,
the lines tested were separated into QTL classes which included (1) the cultivar parent checks;
(2) the QTL donor parent R01-40-08; (3) lines resulting from the cross of a cultivar parent by
R01-40-08 that are homozygous for the QTL (QTL+), (4) lines heterozygous for the (QTL(h)),

and (5) lines homozygous without the Pima S-6 allele (QTL-), but crossed with R01-40-08.

RESULTS AND DISCUSSION

Analysis of variance revealed significant differences for all measured traits except for LPCT for
the main effect of Environments (Table 4.1), indicating that testing environments were different.
The effect of Background was significant for all of the measured agronomic and fiber traits.

Significant interaction of Background*Environment was evident for LYLD, UHML, uniformity
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index (UI), fiber bundle strength (FBS), elongation (ELO), and short fiber content (SFC). The
QTL classes exhibited significant differences for LPCT, micronaire (MIC), UHML, Ul, FBS,
ELO, and SFC. Significant interaction of QTL*Background was apparent for MIC, UHML, and
FBS. A significant difference in LPCT means was evident for the three-way interaction of
QTL*Background*Environment.

Because of the significant interaction of the QTL*Background in the combined analysis
(Table 4.1), it was necessary to run a separate analysis of variance in which the QTL effect could
be analyzed separately for each of the 4 cultivar parent backgrounds in which the QTL was
deployed (Table 4.2). The analysis of variance indicated that the effect of QTL class on UHML
was significant for each genetic background, and that the DP50 background QTL lines exhibited
a significant interaction of QTL*Environment. Mean separations for the genotypes tested are
given in Table 4.3. For the lines in the Acala SJ4 data subset, the Acala SJ4 cultivar parent had
the longest UHML of the group, with 31.2mm, which was significantly longer than R01-40-08
with 29.5mm. No significant difference was observed between those lines with Acala SJ4
background that were QTL+, QTL(h), or QTL-. When deployed within the DP50 and GA089
backgrounds, UHML was not affected by QTL status in the lines as no significant differences
were observed between the QTL+, QTL(h) and QTL- lines. In the PM HS26 derived lines, the
QTL(h) lines exhibited UHML that was significantly higher on average than the QTL+ lines, but
were not significantly different than the QTL- lines.

Across the 4 testing environments, and averaged across genetic backgrounds, QTL+ lines
showed no significant difference for UHML over the QTL- or QTL(h) lines, however, means
were numerically different (Table 4.4). QTL(h) lines had the longest average UHML (29.0mm),

followed by QTL+ lines with 28.7mm, and QTL- lines with 28.6mm. The donor parent, R01-40-
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08, exhibited UHML of 29.5mm, which was significantly longer than the QTL+ and QTL- lines,
but not significantly longer than the QTL(h) lines or any of the cultivar parents used in the trial,
except Acala SJ4 which had an UHML of 31.2mm. Because the lines tested in this experiment
were single cross hybrids, it is possible that the background effect of the TAMCOT 2111 within
R01-40-08, could have brought the average UHML down, and segregation could be masking or
confounding the effect of the QTL in these R01-40-08 x cultivar progenies. Recall that the
interaction of QTL*Background was significant for UHML, and the means for each of the 4
cultivar backgrounds will be discussed later.

Ul, which is a measure of length consistency, was highest for GA089, Acala SJ4, and PM
HS26, ranging from 85.7% to 85.3%, indicating that their fiber length distribution is more
uniform than R01-40-08 with 83.8%. The QTL+, QTL(h), and QTL- lines exhibited Ul of
83.3%, 83.5%, and 83.7%, respectively, similar to R01-40-08 (83.8%) and DP50 (84.1%).
Similarly, SFC was lowest for Acala SJ4, PM HS26, and GA089 with 6.9%, 7.0%, and 7.3%,
respectively. R01-40-08, which had SFC content of 7.6%, was significantly higher than Acala
SJ4 and PM HS26, and was not different than DP50 with 7.8%. The SFC of the QTL+, QTL(h),
and QTL- lines were not significantly different from R01-40-08 with an average of 7.7%, 7.6%
and 7.6%, respectively.

Although the trait of interest related to qFL-Chr.1 is UHML, one of the goals of this
experiment was to demonstrate the agronomic suitability of these lines as well as measure the
effect of the QTL in the genetic backgrounds in which it was deployed. Table 4.5 shows the
means for agronomic and fiber quality parameters measured during the course of this study. No
significant difference for YLD was apparent in the analysis of variance, however GA089

followed by DP50 were the highest yielding lines numerically. The QTL(h) group was next
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followed by QTL-, PM HS26, QTL+, and Acala SJ4. LPCT was highest for Acala SJ4 (42.3%)
and GAO089 (39.8%), and lowest for PM HS26 with 33.5%. LPCT of the QTL+, QTL(h), and
QTL- lines were not significantly different, which is not surprising since the parents all had
similar LPCT values except for PM HS26, which had low LPCT and Acala SJ4 had the highest
in the group. MIC was highest for the hybrid lines and DP 50, ranging from 5.00 to 4.81 units,
indicating that these fibers were either coarse or very mature. Acala SJ4 exhibited MIC that was
significantly lower than any of the rest of the lines tested in this trial with 4.06 units, indicating a
fine or immature fiber.

FBS was similar for R01-40-08, and the QTL+, QTL(h), and QTL- lines ranging from
296 kN m kg, to 290 kN m kg™. Acala SJ4 had the highest FBS with 322 kN m kg2, followed
by GA089 with 310 kN m kg, and 306 kN m kg™ for PM HS26, which were both significantly
lower than Acala SJ4, but not significantly different than each other. DP50 exhibited the lowest
FBS of the cultivar parents with 267 kN m kg™*. ELO showed few differences, with only GA089
and Acala SJ4 exhibiting significantly lower ELO of 5.0% and 5.5% than the rest, which ranged

from 7.1% to 6.6%.
CONCLUSION

The limited effect of this QTL in these 4 genetic backgrounds suggests that the effect of
gFL-CHr.1 is either too small to be measured in this experiment, was confounded by a high
degree of segregation still occurring in the lines, or that the QTL has no effect when deployed
within these backgrounds. The first year of this experiment consists of individual plant fiber
data, which is inherently not as accurate as boll samples harvested from an entire row. Because
of the inclusion of all bolls in an individual plant sample, there is more variability in the data,

whereas a 25-boll sample harvested from the mid-fruiting zone and picked from an entire plot of
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a given line, is a much more uniform sample, and therefore better for detecting small differences
between genotypes. The lines tested were single-cross hybrids, and as such, likely had a
significant influence from background segregation occurring between R01-40-08, which is
essentially TAMCOT 2111 plus the gFL-Chr.1 QTL from Pima S-6, and the cultivar parents.
The segregation of these divergent genetic backgrounds could very easily have overshadowed
the effect of this QTL, which has been shown to have a modest effect (previous chapter). Lastly,
there is a possibility that qFL-Chr.1 from Pima S-6 by way of R01-40-08 has no effect in these 4
genetic backgrounds, further underscoring the necessity of QTL validation in genetically diverse

backgrounds to verify a QTL’s portability and practical utility in cotton improvement.
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Table 4.1. Analysis of variance mean squares for agronomic traits of gFL-Chr.1 from G.
barbadense introgressed into 4 genetic backgrounds of Upland cotton (G. hirsutum) grown in
Tifton and Plains, GA in 2014 and Tifton, GA in 2015.

Source dftf LYLD df LPCT  df MIC UHML ul FBS ELO SFC
Environment 2 1890.0* 3 094 3 3.53* 8.69* 27.53**  5839**  4558** 2.07*
Rep 1 1.4 1 059 1 0.01 0.24 2.06 523 0.18 0.11
Error A 2 95.5 3 061 3 012 0.59 0.34 57 1.08 0.22
Background 3 327.9*%* 3 4.12%* 3 2.02%* 20.73** 3.44* 5013** 2.62**  1.55**
Background*Environment 12 1855* 18 0.0 18 0.10 1.73* 2.56** 449** 0.87** 0.38*
Error B 18 61.3 24 047 24 0.06 0.83 0.74 123 0.30 0.17
QTLt 6 87.4 6 0.69* 6 0.89**  6.19** 6.35**  2139** 4.78**  1.05%*
QTL*Background 6 58.4 6 0.13 6 0.96**  3.83** 0.1 1630** 1.13 0.48
QTL*Background*Environment 21 32.1 31 045 31 0.10 1.49 1.19 265 0.24 0.19
Error C 506 39.9 710 0.24 704 0.10 1.31 1.04 282 0.63 0.26

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

T df, degrees of freedom; LYLD, lint yield; LPCT, lint percent; MIC, micronaire; UHML, upper half
mean length; Ul, uniformity index; FBS, fiber bundles strength; ELO, elongation; SFC, short fiber
content.

1 QTL, 7 QTL classes, genotypes derived from crosses with R01-40-08 and a regional cultivar w/ the
gFL-Chr.1 Pima S-6 allele and those without, Pima S-6, Acala SJ4, Paymaster HS26, Deltapine 50,

GA2004089.
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Table 4.2. Analysis of variance for Upland cotton (Gossypium hirsutum) lines from 4 genetic
backgrounds crossed with R01-40-08, an introgression line carrying gFL-Chr.1, a previously

mapped fiber length QTL from G. barbadense.

Source df PMHS26 df AcalaSJ4 df GA089 df DP50
Environment 3 26.3* 3 37.6 3 2.1 3 1.0
Rep 1 0.7 1 0.9 1 0.3 1 1.2
Error A 3 1.0 3 53 3 1.7 3 13
QTL 5 183.7** 5 180.0** 5 6.9** 5 4.1%*
QTL*Environment 15 7.3 13 17.6 13 1.7 11 2.0*
Error B 227 13.8 193 13.0 187 1.4 92 1.0

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
t df, degrees of freedom; QTL, genotypes grouped based on qFL-Chr.1 QTL allele status, also includes

parents.
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Table 4.3. Mean separations of UHML for Upland cotton (Gossypium hirsutum) lines derived
from crossing 4 genetic backgrounds with R01-40-08, an introgression line carrying qFL-Chr.1,

a previously mapped fiber length QTL from G. barbadense.

nt Acala SJ4 n DP50 n GA089 n PM HS26
QTL+ 68 29.0bct 31 28.7a 29 28.6¢ 16 27.4d
QTL(h) 36 28.6¢ 27 29.0a 86 29.2ahc 27 28.5bc
QTL- 95 28.9bc 42 29.2a 78 29.0bc 188 28.1cd
Cultivar parent 8 31.2a 6 28.7a 8 30.1a 8 29.1ab
R01-40-08 4 29.5b 4 29.2a 4 29.6ab 8 29.6a

T n, number of observations; QTL+, R01-40-08 by cultivar hybrids with the Pima S-6 allele; QTL(h),
R01-40-08 by cultivar hybrids with the Pima S-6 allele in heterozygous or segregating condition; QTL-,
R01-40-08 by cultivar hybrids without the Pima S-6 allele.

t Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 4.4. HVI fiber length performance of lines from 4 genetic backgrounds of Upland cotton
(Gossypium hirsutum), crossed with an introgression line, R01-40-08, some lines harboring gFL-
Chr.1, a QTL from G. barbadense.

nf LYLD n LPCT n MIC UHML ul FBS ELO SFC
kg/ha % unit mm % kN m kg! % %
QTL+ 104 767 145 36.3cdt 144 4.89ab 28.7d 83.3d 292d 6.9a 7.7ab
QTL(h) 123 858 176 37.1bcd 176 4.93a 29.0cd 83.5cd 293d 6.9a 7.6abc
QTL- 294 843 408 36.2cd 403 4.81ab 28.6d 83.7cd 290d 6.8a 7.6abc
Acala SJ4 6 725 8 42.3a 8 4.06e 31.2a 85.4a 322a 5.5b 6.9e
DP50 6 973 6 37.4bcd 6 5.00a 28.7cd 84.1c 267e 6.6a 7.8a
GA089 6 992 8 39.8abc 8 4.42d 30.1b 85.7a 310b 5.0b 7.3cd
PM HS26 6 779 8 33.5d 8 4.47cd 29.1cd 85.3a 306bc 7.1a 7.0de
R01-40-08 12 755 20 36.1cd 20 4.48cd 29.5bc 83.8cd 296¢d 6.8a 7.6abc

t n, number of observations; LYLD, lint yield; LPCT, lint percent; MIC, micronaire; UHML, upper half
mean length; Ul, uniformity index; FBS, fiber bundles strength; ELO, elongation; SFC, short fiber
content; QTL+, R01-40-08 by cultivar hybrids with the Pima S-6 allele; QTL(h), R01-40-08 by cultivar
hybrids with the Pima S-6 allele in heterozygous or segregating condition; QTL-, R01-40-08 by cultivar
hybrids without the Pima S-6 allele.

t Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 4.5. Agronomic performance and other HVI fiber traits of lines from 4 genetic

backgrounds of Upland cotton (Gossypium hirsutum), crossed with an introgression line, RO1-
40-08, some lines harboring qFL-Chr.1, a QTL from G. barbadense.

nf LYLD n LPCT n MIC FBS ELO
kg/ha % unit kN m kg* %

QTL+ 104 767 145 36.3cdt 144 4.89ab 292d 6.9a
QTL(h) 123 858 176 37.1bcd 176 4.93a 293d 6.9a
QTL- 294 843 408 36.2cd 403 4.81ab 290d 6.8a
Acala SJ4 6 725 8 42.3a 8 4.06e 322a 5.5b
DP50 6 973 6 37.4bcd 6 5.00a 267e 6.6a
GA089 6 992 8 39.8abc 8 4.42d 310b 5.0b
PM HS26 6 779 8 33.5d 8 4.47cd 306bc 7.1a
R01-40-08 12 755 20 36.1cd 20 4.48cd 296¢d 6.8a

t n, number of observations; LYLD, lint yield; LPCT, lint percent; MIC, micronaire; UHML, upper half

mean length; Ul, uniformity index; FBS, fiber bundles strength; ELO, elongation; SFC, short fiber

content; QTL+, R01-40-08 by cultivar hybrids with the Pima S-6 allele; QTL(h), R01-40-08 by cultivar

hybrids with the Pima S-6 allele in heterozygous or segregating condition; QTL-, R01-40-08 by cultivar

hybrids without the Pima S-6 allele.

t Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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INTRODUCTION

Because of the low levels of genetic diversity within the Upland cotton gene pool, numerous
researchers have suggested the need to explore the secondary gene pool as a source of novel
alleles for fiber quality traits (Bowman and Gutierrez 2003; Campbell and Myers 2015;
Campbell et al. 2009; Chee et al. 2016). G. hirsutum forms a monophyletic group with six other
allotetraploid species, which include G. barbadense, G. tomentosum, G. darwinii, G mustelinum,
G. ekmanianum and a recently discovered species, G. stephensii. While all allotetraploid
Gossypium species are cross compatible, the use of interspecific sources as a means to
incorporate novel alleles into the Upland germplasm base is problematic because progeny are
often plagued with abnormal segregation, reduced fertility, photoperiodic flowering, and linkage
drag (Stephen 1946; Jiang et al. 2000). To overcome many of these complications, advanced
backcross populations have been employed to both map QTL and incorporate these newly
discovered alleles into elite genetic backgrounds (Paterson et al. 2012). Advanced backcross
mapping populations have been developed from the interspecific crosses of G. hirsutum by G.
barbadense (Chee, et al., 2005; Chee, et al., 2005; Draye, et al., 2005; Wang, et al., 2012; Zhang,
et al., 2015), G. tomentosum (Zhang, et al., 2011), G. darwinii (Wang, et al., 2012), and G.
mustelinum (Wang, et al., 2016). Individual breeding lines derived from these populations have
fewer genes from the donor parent, allowing for a more accurate evaluation of the effect of a
putative QTL when introgressed. However, it is not uncommon for QTL identified in a mapping
population to have no effect outside of that population, underscoring the necessity of QTL
validation in genetically diverse backgrounds to verify a QTL’s portability and practical utility in

cotton improvement.

143



Gossypium hirsutum L. was first domesticated in the Yucatan peninsula of Central
America (Brubaker, et al., 1999; Brubaker and Wendel, 1994; d'Eeckenbrugge and Lacape,
2014; Wendel, et al., 1992). The cultivated form of this species, commonly known as Upland
cotton, has become widely grown globally for its valuable lint fiber, which is the primary source
of natural fiber for the textile industry. This widely adaptable and high yielding species has been
selectively bred by humans for nearly 5000 years, and has undergone significant genetic
bottlenecks during the process of domestication (Igbal, et al., 2001), dispersal from center of
diversity, and modern breeding efforts (Bertini, et al., 2006; Fang, et al., 2013; Pillay and Myers,
1999; Rungis, et al., 2005; Van Becelaere, et al., 2005). Limited genetic diversity along with
modern plant breeding focusing on fiber yield, physiological and agronomic traits have likely
contributed to an impedence if not stagnation of fiber quality improvement in Upland cotton.
Recent market pressures within the textile industry, however, have put the onus on fiber quality
improvement. Higher quality cotton fibers are needed in the textile mills to satisfy the
technological advances in yarn spinning, and necessary to compete with man-made synthetic
fibers, which are becoming more preferred by textile producers due to their lower prices, higher
product uniformity, and more reliable supply chain.

The standard method of measuring cotton fiber quality is conducted by using the High
VVolume Instrument (HV1). The HVI machine currently consists of determinations of fiber length,
length uniformity, strength, micronaire, and color. Among these fiber properties, the Upper half
mean fiber length (UHML) and fiber bundle strength (FBS) are the two most important fiber
quality traits because they are most closely associated with the quality of the textiles produced
through the spinning and manufacturing process. Traditionally, UHML is considered the most

important character contributing to yarn quality and tenacity (Brown, 1938; Perkins, et al., 1984).
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However, as spinning technology transitioned from the traditional ring spinning to the modern
rotor and air jet spinning, fiber strength has become equally as important as UHML. Modern
cotton mills are now seeking raw cotton with strong fibers because they can better withstand the
rigors of mechanical processing such as during ginning, carding, spinning, and weaving
processes, making FBS crucial to the high-speed textile manufacturing processing (Faerber,
1995; Patil and Singh, 1995; Perkins, et al., 1984). High quality yarns desirable in high-end
textile products such as high thread count bed sheets and fine dress shirts are derived from fibers
with both long fibers and high FBS (Deussen, 1993; May and Taylor, 1998; Meredith, et al.,
1991).

A prior study using the advanced backcross (AB-QTL) approach has identified and
introgressed a fiber strength QTL designated gSTR-Chr.19-1-1 on chromosome 19 from G.
mustelinum. This QTL was detected in both BC3F2 and BC3F2:3 generations, explained 12% of
the phenotypic variation, and the G. mustelinum allele improved fiber strength by an average of
0.9 cN/tex (Wang et al. 2017). The current study was conducted to validate the efficacy and
association of qSTR-Chr.19-1 with fiber strength in three genetic backgrounds adapted to the

four major US cotton production regions.

MATERIALS AND METHODS

The G. mustelinum introgression line used to develop the validation population was generated
initially from an AB-QTL population consisting of the recurrent parent, a G. hirsutum
germplasm line, PD94042 (Pl 603219), and the donor parent, G. mustelinum (AD4-8, PS 85).
The resulting F1 generation was then backcrossed to the G. hirsutum parent, PD94042, for three
cycles of backcrossing. The BC3F1s were allowed to self to generate the BC3F2, which was then

individually harvested to form the basis of AB-QTL mapping experiments (Wang, et al., 2016).
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Among the QTL mapped in that experiment was qUHM-Chr.19 (Wang et al. 2017). From the
BC3sF2 populations, individual BCsF3 plants were harvested. These families were then self-
pollinated and advanced to the BC3F3:s generation in 2011. At this point they were individually
harvested again, and progeny rows planted from individual plants. The resulting BCsFs:7 lines
were genotyped and confirmed as carrying the QTL of interest.

Line B15-002 which carries the gSTR-Chr.19-1 QTL was crossed to three G. hirsutum
cotton cultivars or elite germplasm lines considered to be typical ideotypes of the growing
regions they represent; Acala SJ4 (Pl 529538), an Acala type cotton cultivar that was grown
widely in the desert southwestern US; Paymaster HS26 (PM HS26) (PVP 8600087, Pl 606814),
a Texas High Plains variety that was grown in the western US; Deltapine 50 (DP50) (PVP
8400154, P1 529566), which was a widely grown, Delta-type variety for the Mid-South US
around the Mississippi Delta growing region. Because this QTL was being donated from a line
with significant amounts of PD94042, a line adapted for culture within the Southeastern US, we
did not test it in an additional Southeastern background. The initial crosses were made in 2012,
followed by individual harvest of the F> in 2014, and replicated trials of the F2:3 in 2015.

Individual plants and the replicated trials in 2014 and 2015 respectively, were grown at
the University of Georgia, Gibbs Research Farm in Tifton, GA. Soils encountered there include
Tifton loamy sands, a fine-loamy, kaolinitic, thermic Plinthic Kandiudult; and Clarendon loamy
sands, a fine-loamy, siliceous, semiactive, thermic Plinthaquic Paledults. In 2014, plants from
populations developed from each of the 4 genetic backgrounds were individually genotyped
using the SSR marker BNL3977, which previously was determined to be tightly linked to the
gSTR-Chr.19-1 locus. DNA was extracted from young leaf tissues in the field following the

protocol discussed in Wang et al. (2017). PCR amplification conditions carried out in a modified
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form as described in Chee et al. (2004) on a T100 Thermal Cycler (Bio-Rad Laboratories, 2011).
The 10pl PCR reactions contained approximately 10ng of DNA, 0.5uM of forward and reverse
SSR primers, 100udNTPs, 1.5 mM MgCl2, 3U of DNA taq polymerase, and 1X reaction buffer
containing 100mM Tris-HCI, 500 mM KClI, at pH 8.3. The PCR thermal cycling conditions
were 94°C for 3 min, then 34 cycles of 94°C for 45 sec, 55°C for 45 sec, 72°C for 1 min, then
incubation at 72°C for 7 min, prior to cooling down for storage at 12°C. Viewing of the PCR
products were accomplished using 10% polyacrylamide gel electrophoresis and staining with
silver nitrate as previously described (Zhang, et al., 2002).

The genotyped plants were given unique identifiers and individually harvested by hand.
Individual plant samples were ginned on a laboratory table-top 20-saw gin and the fiber samples
sent to the Fiber Testing Laboratory at Cotton Inc., in Cary, NC for HVI testing.

In 2015, single-row plots were planted in a twice-replicated, randomized complete block
design. Plots were 6.1m by 1m, planted at a seeding rate of approximately 60 seeds per plot. A
twenty-five boll hand-harvested sample was collected from the mid-fruiting zone of the plants
within each plot. The 25-boll samples were ginned on a table-top 20-saw gin to calculate lint
percent (LPCT), and fibers were analyzed using high volume instrument (HV1) at the Fiber
Testing Laboratory of Cotton Inc. in Cary, NC. Statistical analyses of the data were conducted
using the PROC GLM function in the SAS/STAT software, Version 9.4 of the SAS System for

Windows (SASInstitute, 2014).

RESULTS AND DISCUSSION

Analysis of variance revealed significant differences in replication means for FBS in the trial
(Table 5.1). This result is not unexpected as the first replication was an individual plant sample

from 2014, and the 2nd and 3rd replications come from 25-boll samples in 2015. The main
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effect of the QTL classes, as well as the interaction of the QTL with the genetic background in
which it was deployed (QTL*Background) was significant. Mean separations were conducted
using Waller-Duncan’s k-ratio=100, which approximates an a=0.05, but is more conservative
than Fisher’s LSD (Table 5.2). Analyzed across the genetic backgrounds of the cultivars used in
this study, the mean FBS was significantly greater for the genotypes carrying the QTL region for
gqSTR-Chr.19-1, than the mean FBS for the genotypes that were not carrying the QTL region,
295kN m kg-1 versus 293kKN m kg-1, respectively. Interestingly, the heterozygous genotypes
had the lowest FBS with 289kn m kg-1. The donor parent, B15-002, exhibited FBS intermediate
to that of the cultivar parents with 281 kN m kg-1. The cultivar parents Acala SJ4, DP50, and
PM HS26 had FBS values of 289, 266, and 281 kN m kg-1, respectively.

Because the analysis of variance revealed a significant QTL*Background effect, it was
necessary to separate the backgrounds for further analysis (Table 5.3). For all three genetic
backgrounds used to test the effect of gSTR-Chr.19-1, the effect of replications on FBS means
was significant. Also significant was the effect of the QTL in each of the genetic backgrounds,
DP50, PM HS26 and Acala SJ4.

In the DP50 background population, genotypes with and without the QTL region had
similar FBS (Table 5.4) while the heterozygous genotypes exhibited significantly lower FBS.
Although statistically the means were not different, numerically the genotypes with the QTL had
a higher mean with 299 kN m kg-1 versus 297 kN m kg-1 for the lines without the QTL region.
The donor parent, for comparison exhibited FBS of In the PM HS26 background population ,
genotypes that were heterozygous for the QTL region again had the lowest FBS with 282 KN m
kg-1. However, genotypes from the this background without the QTL region had FBS that

averaged 288 kN m kg-1 , and genotypes with the QTL region averaged higher FBS with 294 kN
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m kg-1, a statistically significant and biologically substantial difference. A similar positive
effect was observed in the Acala SJ4 population. Genotyopes without the QTL region had a
significantly lower 292kN m kg-1 FBS, whereas the heterozygtes and the genotypes with the
QTL region exhibited significantly higher FBS of 299 kN m kg-1 and 300 kKN m kg-1,
respectively.

Validation and testing of mapped QTL are an integral step in deploying a putative QTL
for use by breeders and other crop geneticists. In order for the full benefit of QTL mapping to be
realized for the purposes of crop improvement, identified QTL must first be tested to ensure the
effect is useful in genetic backgrounds outside of those used in mapping. To do this, diverse
genetic backgrounds should be used as in this study, to determine if the QTL can be deployed
across a diversity of breeding programs for many growing regions, or if it would be best utilized
in specific genetic backgrounds or populations suited for specific growing regions.

The use of B15-002, harboring qSTR-Chr.19-1, represents an interesting case in that the
line does not have FBS that stands apart on first glance. Indeed, in this experiment it was within
the range of the cultivar parents; B15-002 having FBS of 281 kN m kg-1, versus Acala SJ4 with
289, DP50 with 266, and PM HS26 with a very similar 281 kN m kg-1. This lack of obvious
phenotypic novelty might lead a breeder to discard a line such as this, however, this novel allele
from G. mustelinum shows a positive effect on the adapted Upland germplasm backgrounds used
in this study.

It is worth noting that from 1980, FBS of the US cotton crop increased from 235 kN m
kg-1to 294 kN m kg-1 in 2012, a 25.1% increase over more than 30 years, but only a 0.8%
increase annually. The effect of gSTR-Chr.19-1 by comparison, across genetic backgrounds

increased FBS by 2 KN m kg-1, or 0.7%. In the DP50 background, the realized FBS increase
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was also 0.7%. The PM HS26 background population, however, exhibited an increase of 6 KN m
kg-1, or 2.1%. Also registering a big improvement was the Acala SJ4 population which saw
increases of 8 kKN m kg-1, or 2.7%; more than 3 years of the accumulated genetic gain seen in the
entire US cotton crop.

gqSTR-Chr.19-1 therefore represents a QTL that could positively influence breeding
efforts for FBS across the major growing regions and potentially across multiple genetic
backgrounds favored in those regions. This QTL has the potential to make a significant impact
on fiber quality across much of the cotton industry. An accumulation of alleles of seemingly
small effect QTL such as gSTR-Chr.19-1, would benefit commercial Upland cotton germplasm

and have significant and positive impacts on the cotton industry.
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Table 5.1. Analysis of variance mean squares for FBS comparison of lines from 3 Upland cotton
(Gossypium hirsutum) genetic backgrounds crossed with a G. mustelinum introgression line
harboring qSTR-Chr.19-1.

Source df MS
Background 2 10226
Rep 2 104967*
Error A 4 7401
QTL 2 3918*
QTL*Background 4 2626*
Error B 1463 382

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

T df, degrees of freedom; MS, mean squares; QTL, allelic status of gSTR-Chr.19-1.
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Table 5.2. Mean separations for FBS comparison of lines from 3 Upland cotton (Gossypium

hirsutum) genetic backgrounds crossed with a G. mustelinum introgression line harboring qSTR-
Chr.19-1.

n FBS
QTL- 477 293b
Hetz. 499 289c
QTL+ 502 295a

T n, number of observations; FBS, fiber bundle strength; QTL-, progeny without the G. mustelinum allele
at qSTR-Chr.19-1 ; QTL(h), progeny with the G. mustelinum allele at gSTR-Chr.19-1 in heterozygous or
segregating condition; QTL+, progeny with the G. mustelinum allele at gSTR-Chr.19-1.

1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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Table 5.3. Analysis of variance mean squares for FBS comparison of lines from 3 Upland
cotton (Gossypium hirsutum) genetic backgrounds crossed with a G. mustelinum introgression

line harboring qSTR-Chr.19-1, analyzed separately by genetic background.

Source dft DP50 df PM HS26 df Acala SJ4
QTL 2 1677** 2 10625** 2 1932**
rep 2 24409** 2 132310** 2 12691**
Error 374 297 780 462 309 283

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
T df, degrees of freedom; DP50, Deltapine 50; PM HS26, Paymaster HS26; MS, mean squares; QTL,

allelic status of gSTR-Chr.19-1.
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Table 5.4. Mean separations of FBS for lines from 3 Upland cotton (Gossypium hirsutum)
genetic backgrounds crossed with a G. mustelinum introgression line harboring gSTR-Chr.19-1,

separated by genetic background.

nt DP50 n PM HS26 n Acala SJ4
QTL- 214 297a% 179 288b 84 292b
Hetz. 71 290b 236 282c 192 299a
QTL+ 94 299a 370 294a 38 300a

T n, number of observations; FBS, fiber bundle strength; QTL-, progeny without the G. mustelinum allele
at gSTR-Chr.19-1 ; QTL(h), progeny with the G. mustelinum allele at gSTR-Chr.19-1 in heterozygous or
segregating condition; QTL+, progeny with the G. mustelinum allele at gSTR-Chr.19-1.

1 Values within columns followed by the same letter are not different at k=100 according to Waller-

Duncan LSD.
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CHAPTER 6

CONCLUSIONS
QTL mapping and DNA marker technologies have allowed researchers to track loci controlling
or influencing complex traits such as cotton fiber length. This ability makes it desirable to break
down some of these traits into simply inherited Mendelian factors. However, in many cases, it
just is not that simple.

As described in Chapter 2, when the qUHM-Chr.25 QTL was tested in 4 cultivars
representative of the genetic backgrounds adapted to the four primary macro-environments of the
cotton-growing United States, the effect of this QTL was small, but significant in 3 out of the 4
cultivar backgrounds tested in a Genotype x Environment experiment. However, when measured
in a near-isogenic state comparing NILs with and without the QTL allele from SL883, the effect
of qUHM-Chr.25 on UHML was significant in 2 of the 4 cultivar backgrounds tested. The effect
of the QTL, when averaged across the backgrounds tested in this trial accounted for an additional
0.9mm in the QTL+ lines, though the difference was not significantly different than the QTL-
lines. When separated by background, the effect of the QTL was not found to be significantly
greater than the SL883 background alone when deployed within the Acala SJ4 or PM HS26
background, however it was significant for the DP50 and GA089 backgrounds, with an UHML
increase of 1.4mm (4.5%) and 1mm (3.1%), respectively. It is worth mentioning that the PM
HS26 QTL+ lines did have a numerically higher average UHML of 0.6mm better than the QTL-
lines, though the difference was not statistically significant. The utilization of foreign alleles
from closely related species by way of introgression lines, such as the SL883 qUHM-Chr.25
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allele, have the potential to make significant impacts on the cotton industry in relatively few
years if deployed in commercial germplasm.

Testing of recombinant lines suggest that the QTL region likely falls within the region
flanked by UGT2501 and UGT2509. This region had a highly significant effect on lines from
the PMHS26 as well as the GA089 background. Because the testing to narrow down the region
of interest was conducted on highly inbred recombinant sister lines, the data derived from the
fiber samples was highly uniform, and likely made the effect of the QTL that much more
apparent.

qUHM-Chr.25 represents a G. barbadense-sourced QTL for the improvement of Upland
cotton germplasm. The effect of this QTL is significant, and along with the tightly linked marker
sequence included here, should prove to be beneficial in improving Upland cotton germplasm.
The portability of this QTL across diverse genetic backgrounds should make it valuable to
breeders interested in improving fiber quality, a driving theme in cotton breeding today.

The germplasm line, R01-40-08, being submitted for public release here in Chapter 3,
represents a milestone in Upland cotton germplasm improvement in that as far as we know, it is
the first publicly released cotton germplasm line carrying a fiber length QTL whose effect has
been validated. R01-40-08 yields similarly to the recurrent, G. hirsutum parent, TAMCOT 2111,
and has improved UHML from the introgressed QTL, gFL-Chr.1 from G. barbadense donor,
PIMA S-6. This introgression line is unique in that it is a predominantly G. hirsutum genetic
background, yields well, and has introgression of interspecific origin. R01-40-08 will serve well
the cotton industry in improving the fiber and spinning quality of American Upland cotton, and

with the available tightly linked SSR markers published previously by this laboratory, this
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germplasm line will be an important addition to the Upland cotton breeding lexicon. The use of
this introgression and the associated markers will help breeders to improve fiber length.

The limited effect of qFL-Chr.1 in the 4 genetic backgrounds tested later in the
experiments described in Chapter 4 suggests that the effect of the QTL is either too small to be
measured in this experiment, was confounded by a high degree of segregation still occurring in
the lines, or that the QTL has no effect when deployed within these backgrounds. The first year
of this experiment consists of individual plant fiber data, which is inherently not as accurate as
boll samples harvested from an entire row. Because of the inclusion of all bolls in an individual
plant sample, there is more variability in the data, whereas a 25-boll sample harvested from the
mid-fruiting zone and picked form an entire plot of a given line, is a much more uniform sample,
and therefore better for detecting small differences between genotypes. The lines tested were
single-cross hybrids, and as such, likely had a significant influence from background segregation
occurring between R01-40-08 genome, which is essentially TAMCOT 2111 plus the gFL-Chr.1
QTL from Pima S-6, and the cultivar parents. The segregation of these divergent genetic
backgrounds could very easily have overshadowed the effect of this QTL, which has been shown
to have a modest effect (Chapter 3). Lastly, there is a possibility that gFL-Chr.1 from Pima S-6
by way of R01-40-08 has no effect in these 4 genetic backgrounds. It is not uncommon for QTL
identified in a mapping population to have no effect outside of that population (REF), further
underscoring the necessity of QTL validation in genetically diverse backgrounds to verify a
QTL’s portability and practical utility in cotton improvement.

Validation and testing of mapped QTL is an integral step in developing a putative QTL
for use by breeders and other crop geneticists. In order for the full benefit of QTL mapping to be

realized for the purposes of crop improvement, identified QTL must first be verified and tested to
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ensure the effect is useful in genetic backgrounds outside of the ones used in mapping. To do
this, diverse genetic backgrounds should be used as in this study, to determine if the QTL can be
deployed across a diversity of breeding programs for many growing regions, or if it would be
best utilized in specific genetic backgrounds or populations suited for specific growing regions.

In the study described in Chapter 5, we determined that the effect of a FBS QTL from G.
mustelinum, gSTR-Chr.19-1, proved to have an effect in the 3 genetic backgrounds used in the
study, although the effect was not statistically significant in one of those backgrounds. qSTR-
Chr.19-1 therefore represents a QTL that could positively influence breeding efforts for FBS
across the major growing regions and potentially across multiple genetic backgrounds favored in
those regions. This QTL has the potential to make a significant impact on fiber quality across
much of the cotton industry.

Finally, it is evident from these results that introgression of positive alleles from
interspecific sources is possible, valuable, and not entirely impractical. There exist some QTL
with limited effect outside of the mapping population in which they were identified, but should
not discourage breeders and geneticists to keep identifying positive novel alleles. Further
utilization of closely related species has the potential to make significant, positive impacts on the

cotton industry.
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