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ABSTRACT

Food security is one of the most important challenges that society will
continue to face in a world with a rapidly expanding population coupled with a
growing affluence. Cottonseed is an underutilized source of protein and oil which
could play a key role in human and non-ruminant animal nutrition if the toxic
polyphenol gossypol contained in lysigenous glands throughout the plant could
be removed from the seed.

Gossypol is a terpenoid that protects cotton plants against insects and
pests and if removed from the vegetative portion of the plant, the plant becomes
highly susceptible to attacks. Scientists at Texas A&M University used RNAI
technology to develop transgenic cotton plants, which have normal gossypol
levels in vegetation but ultra-low levels in seed. The main objective of this study
was to assess the traits function in multiple genetic backgrounds.

Transgenic lines were field tested in 2011 and 2012 near College Station,
TX. Performance parameters such as yield, lint percent and crop maturity were
measured as well HVI fiber properties. Also, recurrent parents were tested in a
three-year field trial and several methods for screening for the ultra-low gossypol
cottonseed (ULGCS) trait were evaluated.

Results from these studies suggest the ULGCS trait can be backcrossed

into diverse upland cotton lines without interfering with the inherent performance



of the recurrent parent. Moreover, during the backcross process, selections can
be made to improve fiber quality and abiotic stress tolerance. Availability of a
food product such as cottonseed can have numerous positive effects on local
economies where cotton is grown and in the lives of millions of people who
cannot fulfill one of the most important and basic rights of humanity: access to

food.
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CHAPTER |
INTRODUCTION AND

LITERATURE REVIEW

The Food and Agriculture Organization (FAO) of the United Nations'
Committee on Food Security (FAO, 2012) defines food security as the ability of a
person to fulfill their daily nutritional requirements. Globally, one out of six people
do not meet this requirement. Most of the world's undernourished people live in
developing countries located in tropical and sub-tropical environments where
cotton can be grown. Global cottonseed production in 2013/2014 was 45.1 MT
(USDA, 2014); however, the presence of the toxic polyphenol gossypol severely
restricts its use as a food source and even as feed for monogastric animals.

Gossypol is contained in lysigenous glands, a characteristic of the
Gossypium genus. The toxicity affects monogastric animals including humans,
although it can also affect young ruminants (Wang 2009). Among many
biological activities, several studies have shown that gossypol can have severe
effects on animal health including reproduction due to its contraceptive activity in
males of different species including humans (Cai et al. 2010, Coutinho 2002).

In 1959 S.C. McMichael, a researcher from the USDA-ARS Cotton Field

Station in Schafter, CA, reported that the cross of upland cotton with a Hopi



biotype from central Arizona (Gossypium hirsutum race punctatum) known as
Hopi Moencopi produced cotton plants with glandless bolls, stems, hypocotyls
and petioles controlled by one major gene from the Hopi Moencopi variety called
gly (McMichael, 1959). Further studies showed that glandless cotton plants with
glandless seed could be obtained from segregating populations and that this trait
was the result of combined effects of two genes, g/, and g/; in the homozygous
recessive state (McMichael, 1960). These findings led to high expectations on
the availability of gossypol-free cottonseed products. Numerous breeding
programs were initiated in the U.S. and elsewhere to produce gossypol free
cottonseed using these alleles (Sunilkumar et al. 2006).

Many studies conducted in the 1960’s showed that when the cotton plant
was deprived of its natural defenses (e.g. gossypol and related terpenoids) it
was highly susceptible to pests. In a field study with two different glandless and
glanded cotton genotypes, Jenkins et al. (1966) reported higher insect
susceptibility of glandless cotton. Interestingly, the authors reported that insects
that normally do not feed on glanded cotton, such as adult Maecolaspis flavida
(Say) and Gastrophysa cyanea (Melsheimer) preferred the glandless lines and
Alabama argillacea (Hibner) moths also preferred to oviposit on glandless lines
over glanded lines. Lukefahr et al. (1966) reported that in laboratory tests,
growth of both bollworm (Heliothis zea (Boddie)) and Tobacco budworm
(Heliothis virescens (F.)) larvae was greater when fed with glandless square or

cotyledon tissue regardless of plant variety. In the field, these authors reported



that both pillbugs (Porcellia sp.) and spotted cucumber beetles (Diabrotica
undecimpuncata howardi Barber) infestations, which are not common cotton
pests, were significantly higher in glandless plants regardless of variety, but
fleahopper (Psallus seriatus (Reuter)) infestation and bollworm oviposition was
not affect by the presence or absence of glands (Lukefahr et al. 1966).

The main reason for the commercial failure of glandless cotton was the
fact that the whole plant lacked its natural defenses, in the form of gossypol and
related terpenoids, making it more susceptible to insect pests. Sunilkumar et al.
(2006) utilized biotechnological tools to develop transgenic upland cotton
(Gossypium hirsutum) cv. ‘Coker 312’ lines with ultra-low gossypol levels in the
seed while maintaining normal gossypol/terpenoids levels in the rest of the plant.
This research team from the Institute for Plant Genomics and Biotechnology at

Texas A&M University (http://ipgb.tamu.edu/) achieved this by transformation

with a gene silencing RNAI construct using the Agrobacterium tumefaciens
system. This construct contained a sequence encoding a hairpin RNA of the (+)-
0-cadinene synthase, a key enzyme involved in the gossypol synthesis pathway
(Zhou et al. 2013, Sunilkumar et al. 2006).

A key point of this approach is the use of the promoter sequence of the
cotton a-globulin B gene. This is a highly seed specific promoter that allows
expression of the RNAIi construct only in the seed but does not affect normal
expression of the (+)-0-cadenine synthase enzyme in the rest of the plant

(Sunilkumar et al. 2002). The transgenic ‘Coker 312’ lines were stable and


http://ipgb.tamu.edu/

showed no detrimental effect due to the expression gene silencing construct.
The efficacy and stability of the silencing prompted us to establish a backcross
breeding project to introgress the valuable Ultra-Low Gossypol Cottonseed
(ULGCS) trait into elite cotton lines. Through backcrossing, one or a few genes
of interest can be transferred from a donor parent that contains the gene or
genes of interest in an otherwise undesired genetic background to adapted or
elite materials (recurrent parent) with other desirable characteristics. In every
cycle of backcrossing the selected progeny containing the gene of interest is
crossed to the recurrent parent so that at the end of the process the recurrent
parent's genetic background is recovered with the addition of the trait of interest.
In this case, ‘Coker 312’ was used as the donor parent having the ULGCS trait
and six upland cotton lines were chosen as recurrent parents as described in the
materials and methods section. Figure 1 shows how the backcross method can
be used to recover the recurrent parent’s genetic background with the addition
of one or a few traits derived from the donor parent. The ability to screen the
progeny in order to find those individuals that carry the trait of interest is key to
this breeding methodology. After the first crossing, F1 seed is obtained with a
genetic composition derived equally from each parent. When the F; progeny is
crossed with the recurrent or elite parent, the BC1F4 progeny will be 75% similar
to the recurrent parent and 25% similar to the donor parent on average. This
means that in each cycle of backcrossing, the progeny is enriched in the

recurrent parent’s genetic background by half the percentage of the donor



parent’s genetic background in the previous generation. After six generations of
backcrossing the recurrent parent’s genetic background is recovered to 99.2%.
Each additional generation will make a very small difference in terms of
increasing the recurrent parent’s genetic background in the progeny. In the
BC4F1 more than 96% of the recurrent parent’s genetic background has been

recovered.

Figure 1. Graph showing how the genetic background of the progeny is enriched

in the recurrent parent’s genetic background.
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The genus Gossypium (Family Malvaceae, Order Malvalaes, Tribe

Gossypieae) comprises more than 50 species of which four were domesticated



independently and are currently cultivated mainly for fiber and oil (Wendel and
Cronn, 2003). Two of the cultivated species, Gossypium herbaceum and
Gossypium arboreum are diploids (2n = 2x = 26) that originated in the Old World
and are grown in marginal areas in Africa and Asia covering 0.77 million
hectares and 1.75 million hectares respectively (Kulkarni et al., 2009). The other
two cultivated species, Gossypium hirsutum and Gossypium barbadense, are
allotetraploids (2n = 4x = 52) which originated in the New World and are
cultivated worldwide (Wendel and Cronn, 2003). Together, these allotetraploid
species constitute more than 90% of the world’s cotton production (Seelanan et
al., 1997; Smith and Cothren, 1999; Wendel and Albert, 1992; Wendel and
Cronn, 2003). Ancestors of the allotetraploid species are not completely known
to this day even though extensive research has been conducted to determine
the evolutionary origin of these species. It is speculated that the genome donors
of the allotetraploid species are probably extinct (Seelanan et al., 1997; Smith
and Cothren, 1999; Wendel and Albert, 1992; Wendel and Cronn, 2003). The
genomes of both G. barbadense and G. hirsutum are comprised of two sub-
genomes: A and D. The A sub genome contains similarities with the A genome
of the Old World diploids while the D sub genome contains similarities with the D
genome of the New World diploids (Smith and Cothren, 1999, Wendel et al.

2010).



Cotton (Gossypium hirsutum L.)

Of the two predominant cultivated cotton species, Gossypium hirsutum is
the most widely cultivated, dominating the global cotton commerce (Wendel and
Cronn, 2003). It is commonly known as Upland cotton and accounts for over
90% of the world cotton production. Worldwide, 26,745,000 MT
(www.fas.usda.gov) of cotton fiber was produced in 2011/12, with the United
States (3,413,000 MT) being the third biggest producer after China (7,294,000
MT) and India (5,879,000 MT). In the United States, Upland cotton is grown in
17 states, from California to southeastern Virginia accounting for a US $100
billion/year industry, employing more than 300,000 Americans and constituting
one of the largest contributors to the US national gross profit (Wendel and
Cronn, 2003). Texas is the largest Upland cotton growing region in the United
Sates, accounting for more than 40% of the national planted acreage in 2011
and ranking as the #1 state in Upland cotton production across the cotton belt

(USDA, 2011).

Cottonseed

The primary use of cotton is its fiber of which cottonseed is an important

by-product (Sunilkumar et al. 2006). For every kilogram of fiber, approximately

1.5 kilograms of seeds are produced, thus making cottonseed the third most



important oilseed crop after soybean and rapeseed worldwide (Cai et al. 2010,
Romano and Scheffler, 2008; Wilkins et al., 2000). In 2010, more than 6 million
MT cottonseed was produced in the United States (USDA, 2011). Cottonseed
contains approximately 23% of good quality protein which, at an annual
worldwide production of 44 million MT of cottonseed it is approximately 10
million MT of protein, which could help meet protein requirements of 420 to 600
million people annually in the world at a 65 g/day or 45 g/day rate, respectively
(Rathore et al., 2011; Rathore et al. 2003), but potentially more important would
be the impact on livestock feed.

Cottonseed also contains approximately 21% oil with a fatty acid
composition of more than 50% of the essential fatty acid linoleic acid, 20%
palmitic acid, 17% oleic acid and 2% stearic acid approximately, and a ratio of
2:1 of polyunsaturated to saturated fatty acids (Lukonge et al., 2007; Lusas and
Jividen, 1987a; Rathore et al., 2003). In the United States, cottonseed oil
production totals 1.2 billion pounds per year, ranking third after soybean and
corn oil (Rathore et al., 2003). Lecithin content in cottonseed is the second
highest among oilseeds after soybean, but contrary to soybean lecithin, the
absence of more than two double bonds in any fatty acid is expected to
decrease its tendency to oxidation in food and industrial processes (Lusas and
Jividen, 1987a).

In addition, cottonseed contains important phytochemicals, such as

polyphenols and flavonol glycosides including aglycones of quercetin and



kaempferol and carbohydrate moieties, which are natural antioxidants present in
plants. Natural antioxidants have gained importance in the human diet over the
last few years due to the greater understanding of their role in human health as
anti-cancer and anti-aging agents, in the food industry particularly as lipid
stabilizers improving quality and shelf life of products, and in animal health
(Piccinelli et al., 2007; Ramadan and Moersel, 2006). A detailed study
conducted by Oskoueian et al. (2011) showed that cottonseed meal has
antioxidant activity with a 74% inhibition of formation of hydroperoxides (ferric
thiocyanate test) and 69% inhibition of thiobutaric reactive substances (TBA
test). The Xanthine oxidase inhibitory activity test also showed an inhibitory
effect of cottonseed meal extract on this enzyme. The anti-inflammatory activity
of cottonseed meal extract was assessed through the inhibition of nitric oxide in
RAW 264.7 cells. In a similar way, Gao et al. (2010) studied the antioxidant
activity of different peptide fractions derived from the hydrolysis of cottonseed
protein with Neutrase. These authors found significant inhibition of linoleic acid
peroxidation,  significant  1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-
scavenging activity and significant hydroxyl radical-scavenging activity in four
hydrolysate fractions tested. Fraction Il of the hydrolysate, which showed the
highest antioxidant activity in all assays, was rich in Phenylalanine, Histidine,
Proline, Methionine, Isoleucine and Cysteine. Several amino acids such as
Histidine and Proline have been shown to contribute to free radical scavenging

and an increase in hydrophobicity of proteins and peptides has been shown to



increase antioxidant activity (Gao et al., 2010). In addition, cottonseed contains
high levels of a-tocopherol (vitamin E), which in dairy cows has been shown to
translate into higher levels of a-tocopherol in plasma (Risco et al., 2002).

However, in spite of its high nutritional value for humans, the main use of
cottonseed is as ruminant feed, seed hull, seed meal rich in essential amino
acids, and oil (Rathore et al., 2008; Wilkins et al., 2000). This is due to the
presence of gossypol, a polyphenol that is toxic to humans and other non-
ruminant animals (Lusas and Jividen, 1987a; Rathore et al., 2003; Romano and
Scheffler, 2008). Cottonseed and cottonseed by-products that contain gossypol
can be partially tolerated by cattle and fed to mature animals up to four kg per
day usually without noticeable effects.

Gossypol is found throughout the cotton plant from the seed to the root in
lysigenous pigment glands that are ovoid or spherical shaped structures with
tough and resilient walls. In the seeds, these glands contain 35-50% gossypol
constituting 2.4-4.8% of the weight of dehulled kernels (Lusas and Jividen,
1987a). Gossypol is a terpenoid aldehyde that serves an important role in cotton
plants: it acts as a natural plant defense against diseases and pests (Cai et al.,
2010).

Ruminants are capable of detoxifying gossypol in the rumen through
different processes such as binding it to soluble proteins (Hawkins et al., 1985;
Solaiman et al., 2009). However, if the detoxification capacity of the rumen is

exceeded, ruminants can also suffer from gossypol toxicity including reduction in
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fertility of males, red blood fragility and immune response depression (Solaiman
et al., 2009).

In the dairy industry, whole cottonseed is regarded as an outstanding
source of protein (23%), energy (fat, 20%) and crude fiber (24%) (Cotton
Incorporated, 2012); Dayani et al., 2011b). Numerous studies have determined
the impact of whole cottonseed both in nutrition of dairy cows and in milk yield
and quality (Coppock et al., 1987; Dayani et al., 2011b; Mccollum and Galyean,
1985). The high energy content of whole cottonseed is important for lactating
cows which have high energy demands; lint and hulls are a high fiber source
which aid in providing a balanced diet (Cooke et al., 2007; Dayani et al., 2011b).
Unlike many other feed sources that show negative correlations between high
energy and fiber cottonseed provides both high fiber and high energy (Coppock
et al., 1987). Dietary fiber aids in maintaining high acetic acid levels that support
rumen health and milk fat levels (Coppock et al., 1987). Dayani et al. (2011b)
reported a study by Kubik and Stoke (1990) which showed that whole
cottonseed is protected by the hull in a way that it can by-pass rumen
degradation allowing for the oil to be absorbed in the intestine impacting milk
quality directly. For this reason, the linoleic acid-rich cottonseed can positively
enrich milk. Moreover, because the linoleic acid found in cottonseed is
conjugated, it has been shown to have anti-cancer properties as well as
improvement of immune responses and bone mineralization, and provides

protection against arteriosclerosis and diabetes (Dayani et al., 2011b).
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It has also been suggested that feeding ruminants with high-oil sources
such as whole cottonseed, which is rich in oil and unsaturated fatty acids that
are toxic to protozoa, can decrease protozoa population in rumen and crude
protein. This is desirable because ciliated protozoa present in the rumen can
reduce the amount of amino acids that reach the animal’'s intestine, increase
methane production (a major source of greenhouse gases), and consume feed
energy that could otherwise be used by the animal (Dayani et al., 2011a).

Numerous aquaculture studies have been conducted on the feasibility of
replacing fishmeal, the main source of protein in fish feeds, with protein sources
of vegetable origin such as soybean meal and cottonseed meal (Gatlin et al.,
2007; Pham et al., 2007). Fishmeal contains all essential amino acids making it
a high quality source of protein, but it is expensive and can account for up to
50% of production costs of a fish farm (Pham et al., 2007). Pham et al. (2007)
studied the effect of replacing fishmeal with a 1:1 soybean:cottonseed meal diet
in increasing proportions from 10 to 40% and a control diet with fishmeal. The
authors found no significant differences in fish growth and nutritional status of
juvenile Japanese flounders (Paralichthys olivaceus) (weight gain, specific
growth rate, protein efficiency ratio, feed conversion ratio and nitrogen retention
among other characteristics) in substitutions of up to 40% of fishmeal with these
protein sources supplemented with methionine and lysine which are essential
amino acids present at low levels in soybean (Glycine max) or cotton.

Nevertheless, as levels of cottonseed in the diet among the fish populations in

12



the study increased the authors found significant differences in gonadosomatic
index (100 x (gonad size/body weight)), hematocrit count, hemoglobin content
and higher total liver gossypol with higher dietary gossypol contents. These
detrimental health symptoms are characteristic of gossypol toxicity, which is the
main limiting factor for the use of cottonseed in aquaculture. Many feeding trials
using cottonseed have been reported in other fish species and at different
developmental stages. These studies suggest that cottonseed is a good
replacement for fishmeal in terms of its nutritional value and feed acceptance,
but gossypol in the diet has detrimental effects that can negatively affect growth
and development, thus preventing the fish industry from utilizing cottonseed as a
protein source that would reduce the cost of the feed and in turn, improve the
revenues.

Some fish species can tolerate gossypol depending on their
developmental stage. Rainbow trout (Oncorhynchus mykiss) fingerlings have
been reported to tolerate up to 15% of cottonseed meal in their diet (Lee et al.,
2002), while Blom et al. (2001) reported that adults of this same species can
tolerate 50% fishmeal replacement with cottonseed meal. Another study by
Dorsa et al. (1982) showed that juvenile channel catfish (/ctalurus punctatus)
can intake up to 900 mg/kg of free gossypol. Although the effect of gossypol on
fish is species- and developmental stage-dependent, all these studies suggest

that the primary limiting factor for replacing fishmeal with high levels of
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cottonseed meal is the presence of gossypol because of its detrimental effect on

fish health and growth.

Gossypol toxicity

Several studies, both in ruminant and non-ruminant animals, have
reported negative effects of feeding gossypol-containing feeds. Solaiman et al.
(2009) studied the effect of feeding 0, 15.7, or 32.7% dry matter EasiFlo®
cottonseed (Cotton Incorporated, Cary, NC) in addition to 49% Bermudagrass
(Cynodon doctylon) hay to 12 Nubian goat buck juveniles (Capra nubiana) aged
6-8 months. The authors reported an increase at the 15.7% EasiFlo®
cottonseed diet in intakes of dry matter, neutral detergent fiber and crude protein
among other parameters measured. In accordance to other studies performed in
lactating cows (Hawkins et al., 1985) and beef heifers, erythrocyte fragility
increased with increased cottonseed content and time. In addition, enzymes
such as alkaline phosphatase and creatine kinase also increased, which may
indicate liver and bone injury, respectively due to gossypol toxicity (Solaiman et
al., 2009).

In humans, gossypol toxicity has also been documented. The maximum
content of free gossypol allowed by FDA in food products for human

consumption is 450 ppm, while FAO-WHO allows 600 ppm. In broilers (Gallus
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gallus domesticus), a non-ruminant animal the limit of free gossypol has been
set at 100 ppm, and 40 ppm for laying hens (Lusas and Jividen, 1987a).

The availability of ultra-low gossypol cottonseed offers numerous
advantages to the cottonseed processing industries as well as consumers. In the
oil mill industry, a reduction in gossypol would yield lighter colored crude oil and
meal and reduce the costs involved with solvent extraction process (Lusas and
Jividen, 1987a). It was also reported that glandless cottonseed meal had higher
levels of available lysine and improved protein nutrition efficiency which could be
due to the fact that in glanded cotton, gossypol binds certain amino acids
reducing their availability (Lusas and Jividen, 1987a; Lusas and Jividen, 1987b,
Graham et al 1969). Glandless cottonseed flour has been compared to other
protein sources such as soy, beef and milk and it has been shown that 100 g of
cottonseed flour contains more protein than 100 g of ground beef and 100 g of
skim milk. In addition, it has also been shown to be a growth promoter in several
studies conducted in different animal species (Alford et al 1996 and references
therein). Epidemiological studies conducted in Peru showed that malnourished
infants fed with glandless-cottonseed flour had significant weight gain and
nitrogen retention. In these studies it was concluded that at certain levels
cottonseed protein could be the main source of protein for children and infants.
(Alford et al. 1996 and references therein). Similar studies conducted in Africa
and India also showed that cottonseed flour protein significantly improved

children’s growth. Clinical studies carried out by the Texas Woman’s University
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showed that children fed with cottonseed flour had higher vitamin A levels
(Alford et al 1996). Graham et al (1969) conducted a study in which cottonseed
flour was compared with cow milk in terms of nitrogen balance when fed to
malnourished infants and children in a hospital situation. The difference among
the cottonseed flours in the study consisted of the method used for gossypol
extraction, including cottonseed flour from glandless cotton which required no
gossypol extraction. In this study the authors concluded that the protein source
that resulted in the highest nitrogen balance in the population studied was cow
milk followed closely by glandless cottonseed flour. Among the glanded
cottonseed flours the azeotropic solvent extraction showed higher nitrogen

balance than the heat processing and screw press extraction.
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CHAPTER Il

MATERIALS AND METHODS

Introgression of ULGCS in a greenhouse

For the introgression of the Ultra-Low Gossypol Cottonseed (ULGCS)
trait, six elite lines were selected for use as recurrent parents. Four of these lines
were developed at the Texas A&M University, Cotton Improvement Laboratory:
‘TAMCOT 73, TAM Exp. 05-A-46, TAM Exp. 05-WL-27, TAM Exp. 08-WZ-91.
Two lines were developed in East Africa: ‘HGN 71" and ‘HGN 78’.

The recurrent parent lines were first hybridized in a greenhouse in the
winter of 2010 with ‘Coker 312’ (SeedCo Corporation, 1974)-RNAi line #49b,
carrying the RNA.i silencing construct responsible for the ULGCS trait, as the
donor parent. A series of backcrosses were conducted until BC4F, seed was
obtained (Figure 2). Approximately 2 %2 generations were possible in one year.
All hybridization activities were conducted inside a greenhouse at College
Station, TX. During each cycle of backcrossing, four donor parent plants and ten

recurrent parents were used for each genotypic combination.
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Figure 2. Introgression of ULGCS using the backcross method.

Elite Lines (ULGCS-) X Coker 312 (ULGCS+)

Initial hybridization of
ULGCS / elite breeding lines

First backcross with elite
lines as recurrent parents

Second backcross with 11CS field trial
elite lines as recurrent

Third backcross with elite
lines as recurrent parents

Fourth backcross with elite 12CS field trial
lines as recurrent parents

Selfing in the greenhouse storage

Screening for the ULGCS trait

In every generation of backcrossing, seed carrying the ULGCS transgenic
trait from the donor parent had to be selected for the next cycle of backcrossing.
Twice as much seed as was needed to be advanced was planted in Jiffy-7®-
peat pellet in the greenhouse. Because cotyledons comprise 60% of the
cottonseed weight, they were used to test for gossypol as soon as they emerged
(Bewley et al. 2006). Positive seedlings, showing the ULGCS trait, were

transplanted either to 15 liter pots, if that generation was going to be grown in
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the greenhouse, or taken to the field if it was one of the two generations that was

tested in the field trial in College Station.

Identifying the best method for screening the ULGCS trait

Three different ULGCS selection methods were considered and tested for
accuracy, speed, costs and type of tissue used: the Phloroglucinol Assay for

Gossypol, PCR and Fourier Transform-Near Infrared (FT-NIRS) Spectroscopy.

Phloroglucinol assay for gossypol

The phloroglucinol assay for gossypol (Bell, 1967) is a colorimetric test
that can be performed with seed or cotyledon tissue. Because it is a destructive
assay, the seeds were germinated and the cotyledons were tested for the
presence or absence of the transgene by examining gossypol levels. A disc 1
cm in diameter was excised from a cotyledon and placed into a 1.5 ml
microcentrifuge tube. One metal grinding bead was added to each tube along
with 1 ml 96% ethanol (EtOH) and left in the dark for 40 minutes. After
incubation, the cotyledon pieces were ground mechanically and the tubes were
incubated at 65°C in a water bath for 30 minutes. The samples were later
centrifuged for 10 minutes at 13,000 rpm. In a clean tube, 90 ul 96% EtOH + 50
Ml phloroglucinol solution (50mg/ml) + 10 pl supernatant + 100 ul Conc.

Chloridric acid (HCI) were mixed. The tubes were incubated in the dark for 30
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minutes. After this time, a pink colored solution indicated the presence of
gossypol in the tissue sample, while a clear solution indicated low levels of
gossypol. In this way, if the reaction had turned pink the seedling from which the
sample had been obtained was discarded, but if the sample was clear, the

seedling was selected in order to be used for a new backcross generation.

PCR

DNA isolation from cotyledons and PCR analysis to detect the 653-bp
fragment including part of the &-cadenine synthase transgene was performed
following protocols from Sunilkumar et al. 2006 using a primer pair that would
hybridize on one end to the cassette containing the transgene and on the other
end to the d-cadenine synthase gene. In this way only the transgenic enzyme
gene would be amplified but not the native gene. PCR was conducted on BC+F
seed in addition to a wild-type negative control and a transgenic donor parent as
a positive control. In 2011, the phloroglucinol assay was used to screen cotton
seedlings and PCR was used to confirm the presence of the transgene in these
plants. In all cases, plants that scored positive for the transgene with the
phloroglucinol assay were positive with the PCR method, thus confirming the
robustness and reliability of the phloroglucinol assay. Therefore, in 2012,
seedlings were tested only with the phloroglucinol assay. This strategy was also
cost effective because the phloroglucinol assay is cheaper than the PCR

method.
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Fourier transform-near infrared (FT-NIRS) spectroscopy

Near Infrared Reflectance Spectroscopy (NIRS) is an analytical technique
that has become useful in agriculture research as a tool for quantitative and
qualitative analysis. It is non-destructive, fast, and cost efficient if a calibration
can be developed, however it is less accurate than wet-chemistry analysis.
Because of these advantages, it seemed likely that using the FT-NIRS method
to screen for low gossypol seed would greatly speed up and simplify the
selection process. For this reason, a calibration curve using 100 whole and
ground seed samples was developed. For each seed sample 64 scans were
collected using a rotating cup over the integrating sphere in the Thermo
Scientific Antaris || FT-NIRS Analyzer requiring approximately 1 min per sample.
After this, the amount of gossypol in the samples was determined with the
phloroglucinol assay as described earlier, except that the final step involved
measuring the absorbance of each sample using a spectrophotometer at 550
nm in order to determine pg of gossypol equivalents/mg tissue. The two
calibration curves were developed using TQ Analyst software provided by
Thermo Scientific. In order to asses the predictive value of the FT-NIRS method
thirty five additional seed samples were scanned and their gossypol levels were

obtained using the phloroglucinol levels.
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Testing parental lines in field trials in 2010-2012

In order to test the performance of the six elite lines that were selected for
use as recurrent parents (TAMCOT 73, TAM Exp. 05-A-46, TAM Exp. 05-WL-
27, TAM Exp. 08-WZ-91, HGN 71, and HGN 78) a three-year field trial was
performed in College Station in 2010-2012. The entries were planted in a
randomized complete block design (RCBD) with four blocks. The two-row plots
were 3 m long and 1 m wide. Normal practices were followed for furrow irrigation
and pest control. The lines were tested for general performance, including yield,
lint percentage (calculated as lint weight/ seedcotton weight) and fiber quality
traits. Harvesting was done with a one-row picker on one row and 30 boll-
sampling for fiber quality was done on the second row. Fiber quality was
measured with a High-Volume Instrumentation (HVI) at the Texas Tech
University Fiber and Biopolymer Research Institute in Lubbock, TX, in 2011 and

at Cotton Inc. in 2012.

Testing ULGCS introgressed lines in field trials in 2011 and 2012

Field trials were conducted at the Texas A&M University Field Laboratory
near College Station, TX, in 2011 and 2012. Twelve entries were planted in a
randomized complete block design (RCBD) with four blocks with a total of 48

plots. These entries included the six recurrent parents and corresponding BC,F
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lines. Each block consisted of 12 plots that were 3.05 m in length and 1 m in
width. Plants were germinated in the greenhouse, tested for low-gossypol, and
the selected seedlings were transplanted in the field at a density of 10 plants per
plot. Plots were separated by non-transgenic plants with red foliage that were
also planted at the same density. Three border rows were planted on the west
side of the field with ‘Coker 312’ and ‘TAMCOT 73’ and two border rows were
planted on the east side with the same varieties. Hand weeding was done on a
weekly basis and herbicide treatments and irrigation were performed as needed.

Lines were tested for general performance, including yield, fiber quality
and crop maturity. Yield was calculated as total lint harvested. Fiber quality traits
were measured with a High-Volume Instrumentation (HVI) at the Texas Tech
University Fiber and Biopolymer Research Institute in Lubbock, TX, in 2011 and
at Cotton Inc in 2012. Crop maturity was calculated as the number of green
bolls/total number bolls in each plant approximately three weeks prior to harvest.
All plots were hand harvested to determine yield per plot and a 50 g sample from
each plot was submitted for fiber quality tests.

The trial was repeated at the same location in 2012 with a similar protocol
except the BC4F lines were tested instead of BC,F lines.

This field trial was grown separate from any other cotton to avoid natural
crossing as a way to contain the transgenic trait. After the trials were completed

all plants including the borders had to be harvested, the seedcotton on the
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ground and all green material above ground was collected and autoclaved as a
containment method for the transgenic trait.

The backcross process was carried out in the greenhouse so the
generation used in each field trial was the most advanced backcross generation
available when it was time for planting in the field. In addition, the selection of
individual plants that carried the ULGCS trait required a large amount of seed in
order to grow four blocks of the same line making the availability of seed from
the previous season a limiting factor to grow the same generation twice. For this
reason in the year 2011 the recurrent parents and the BC,F4 generation were
tested in the same field trial while in the year 2012 it was the BC4F1 generation

that was tested with the recurrent parents.

Data analysis

All data from field trials and fiber quality traits were analyzed in an
analysis of variance (ANOVA) using JMP® software, version 10.0.0 64-bit edition
Copyright © 2012 SAS Institute Inc. SAS and all other SAS Institute Inc. product or
service names are registered trademarks or trademarks of SAS Institute Inc., Cary,
NC, USA. Mean comparisons were performed using least square means (LS
Mean) differences Tukey HSD Test and significant differences between means

were shown with different letters. When only two means were compared the
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least square means (LS Mean) differences Student’s t test was used and LSD

was calculated; differences between means were shown with different letters.
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CHAPTER Il

RESULTS

Screening for the ULGCS trait

From the three methods that were considered the Phloroglucinol Assay
for Gossypol, PCR and Fourier Transform-Near Infrared (FT-NIRS)
Spectroscopy, the method that was chosen to select for new plants carrying the
ULGCS trait was the Phloroglucinol Assay. This assay proved to be simple and
effective in detecting samples with ultra-low levels of gossypol. In order to test
the efficacy of the methods, a number of samples were tested with the
Phloroglucinol assay and also with PCR (Figure 3). Since results from PCR and
the phloroglucinol assay were identical, it was concluded that a colorimetric
assessment of the presence/absence of the transgenic trait using the
Phloroglucinol assay was 100% accurate. In addition to this, approximately 60
samples could be run using this assay in one day, it is less costly than PCR, and
it provided quantitative characterization of the gossypol. However, because of
the destructive nature of the assay, the seed had to be planted and a sample
from each cotyledon had to be collected from the greenhouse so the use of

these resources and the time consumed needs to be taken into account.
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Figure 3. PCR results for delta-cadenine synthase gene in BC1F1 progeny.
1 2 3 4 5 6 7 8 9 P N

Wells 1-9: TAM 73 BC1F4 lines; (P) positive control; (N) negative control

For this reason the use of FT-NIRS was also explored. FT-NIRS
equipment is expensive but can have many applications in a research
environment for evaluating composition. In addition, it is a non-destructive and
fast method which does not involve the use of expensive, hazardous chemicals.
After testing one hundred whole and ground cottonseed samples in the Thermo
Scientific* Antaris Il FT-NIRS Analyzer the samples were tested for gossypol
levels using the Phloroglucinol assay. Two calibration curves were developed
selecting the spectral regions and statistical values in TQ Analyst which would

result in the highest correlation coefficients (Figures 4 and 5).
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Figure 4. Calibration curve for BC1F1 whole seed using FT-NIRS spectroscopy
and phloroglucinol assay.
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Figure 5. Calibration curve for BC1F1 ground seed using FT-NIRS spectroscopy
and phloroglucinol assay.
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The accuracy of the predictive model was assessed with a simple linear
regression (Figure 6). The slope of the linear curve and the R square close to
zero (Table 1) show that the predictive model was not accurate enough to use
the FT-NIRS gossypol concentration prediction as a seed selection method in
spite of obtaining a good correlation in the calibration curves both for whole
kernels (Figures 4) and ground seed (Figure 5). It was also attempted to classify
seed in a qualitatively way such as “presence/absence” of gossypol but the

results were not improved in spite of many treatments.

Figure 6. Scatterplot of FT-NIRS spectroscopy predicted values and

phloroglucinol assay actual values of u equivalents of gossypol.
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Table 1. Coefficient and probability value for linear regression equation for FT-NIRS

spectroscopy predicted values and phloroglucinol assay actual values of y equivalents

of gossypol.
Order of Intercept Model
) N Intercept - - R Square
equation Probability Probability
1 35 56.58 <0.0001 0.051 0.11099

Cotton (Gossypium hirsutum L.) parental lines field trials

The analysis of variance showed significant seedcotton yield variation for
all parental genotypes tested in 2010, 2011 and 2012 College Station field trials
(Table 2 and Table 3). Because the interaction between genotypes and years
was significant, the genotypes were analyzed by year as well. The yield trend
that was seen in the three-year analysis was present also in the analysis per

year.

Table 2. Seedcotton yield mean squares of six parental lines of cotton (Gossypium hirsutum L.)
near College Station, TX, in 2010, 2011 and 2012.

Source Df Mean squares
Genotype 5 2,465,746
Block[year] 9 800,738
Year 2 7,105,986***
Genotype x Year 10 940,615***
Error 45 218,321

** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
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Table 3. Seedcotton yield means of six parental lines of cotton (Gossypium hirsutum L.)
evaluated near College Station, TX, in 2010, 2011 and 2012.

Genotype Seedcottont
kg ha™
TAMCOT 73 3,049 a
05-WL-27 3,017 a
05-A-46 2,914 ab
08-WZz-91 2,021 bc
HGN 78 1,848 ¢
HGN 71 1,137 ¢
Mean 2,712
CV % 17.2

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

In 2010 and 2012 ‘TAMCOT 73’ was found among the highest yielding

genotypes while ‘HGN 71’ and ‘HGN 78 were among the lowest yielding

genotypes. In the 2011 growing season, no differences were found among

genotypes and the test average was considerably less than the other two years

(Table 4 and Table 5).
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Table 4. Seedcotton yield mean squares by years of six parental lines of cotton (Gossypium
hirsutum L.) evaluated near College Station, TX, in 2010, 2011 and 2012.

Year Source df Mean Squares
2010 Block 3 176,731
Genotype 5 2,465,596***
Error 15 166,466
2011 Block 3 1,545,503***
Genotype 5 175,135
Error 15 95,524
2012 Block 3 680,167
Genotype 5 3,821,754
Error 15 392,963

***Significant at the 0.001 probability level.

Table 5. Seedcotton yield means by years of six parental lines of cotton (Gossypium hirsutum L.)

evaluated near College Station, TX, in 2010, 2011 and 2012.

Genotype Seedcottont
Year
2010 2011 2012
kg ha™

05-A-46 3,164 ab 1,322 a 4,538 ab
05-WL-27 3,267 a 1,355 a 4,401 ab
08-WZ-91 2,270 bc 1,541 a 5,029 ab
HGN 71 1,386 c 1,025 a 2,561 ¢
HGN 78 2,098 ¢ 1,163 a 3,656 bc
TAMCOT 73 3,298 a 1,560 a 5,179 a
Mean 2,580 1,328 4,228
CV % 15.8 23.3 14.8

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.
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Lint percentage, or gin turnout, is the ratio of lint weight to seedcotton
weight. In general, but not always, higher lint percentage indicates higher lint
yields and is an important yield component. In the three-year field trial analysis,
there was a significant interaction between genotypes and years (Table 6 and
Table 7). For this reason, the performance of the genotypes in terms of lint

percentage was further analyzed by years.

Table 6. Lint percentage mean squares of six parental lines of cotton (Gossypium hirsutum L.)
near College Station, TX, in 2010, 2011 and 2012.

Source df Mean squares
Genotype S 21.08%**
Year 2
6.28

Block (Year) 7 6.52*
Genotype x Year 10

10.38**
Error 35 2.74

* Significant at the 0.01 probability level.
** Significant at the 0.001 probability level.
*** Significant at the 0.0001 probability level.
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Table 7. Lint percentage means of six parental lines of cotton (Gossypium hirsutum L.) evaluated

near College Station, TX, in 2010, 2011 and 2012.

Genotype Lint percentaget
%

08-WZz-91 39.6 a
05-A-46 39.3a
TAMCOT 73 38.7 a
05-WL-27 36.4 ab
HGN 71 36.4 ab
HGN 78 33.7b
Mean 38.1

CV % 43

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

TAMCOT 73, 08-WZ-91 and 05-A-46 had significantly higher lint

percentage than the other three parental lines both in 2010 and in 2011. In 2012

there were no significant differences among parents (Table 8 and Table 9).

Table 8. Lint percentage means by years of six parental lines of cotton (Gossypium hirsutum L.)
evaluated near College Station, TX, in 2010, 2011 and 2012.

Year

Mean squares

2010

2011

21.08***
1.38
0.57

23.82***



Table 8. Continued

Year Source df Mean squares
Block 3 4.31
Error 15 1.8

2012 Genotype 5 49.48
Block 1 28.6
Error 5 12.09

*** Significant at the 0.001 probability level.

Table 9. Lint percentage means by years of six parental lines of cotton (Gossypium hirsutum L.)
evaluated near College Station, TX, in 2010, 2011 and 2012.

Genotype Lint percentaget
Year
2010 2011 2012
%
05-A-46 39.6 a 410a 412a
05-WL-27 36.6 b 39.4 ab 35.4a
08-WZ-o1 39.8 a 407 a 410a
HGN 71 36.6 b 37.5bc 303a
HGN 78 339¢c 34.8¢ 343a
TAMCOT 73 38.9a 407 a 430a
Lint percentage Mean 37.6 39.0 37.5
CV % 2.0 3.4 9.3

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.
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The six parental lines were tested for five fiber quality traits: micronaire,
upper half mean length (UHML), uniformity, strength and elongation. The
analysis of variance across years showed significant differences between years
for UHML, uniformity and elongation but the interaction between genotype and

year was non-significant for all traits (Table 10).

Table 10. Mean squares of micronaire, upper half mean length, uniformity, strength and
elongation of six parental lines of cotton (Gossypium hirsutum L.) evaluated near
College Station, TX, in 2010, 2011 and 2012.

Mean squares

Source df Mic UHML ul Strength  Elongation
Genotype 5  0.100* 1.011 4.8 401.754*  0.691*
Year 2 0100  12.540**  8.320* 98.436 4.636"*
Block (Year) 7 0.037 2134 2824 256.555 0.221
Genotype x Year 10 0037 0.638 1.479 174.017 0.111
Error 35 0.041 0.422 1.306 122.966 0.097

* Significant at the 0.01 probability level.
** Significant at the 0.001 probability level.
*** Significant at the 0.0001 probability level.

TAMCOT 73 had the highest value for all traits being significantly different
from HGN 71, the genotype with the lowest value for micronaire and elongation.
HGN 71 showed an intermediate performance for strength not being significantly
different from TAMCOT 73. The genotype with the lowest strength value was 05-

A-46. HGN 78 was together with HGN 71 the genotype with the lowest
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performance in micronaire and elongation. There were no significant differences

among genotypes for upper half mean length and uniformity (Table 11).

Table 11. Genotype means for micronaire, upper half mean length, uniformity, strength and
elongation of six parental lines of cotton (Gossypium hirsutum L.) evaluated near
College Station, TX, in 2010, 2011 and 2012.

Genotype Micronairet UHMLt Uniformityt  Strengtht  Elongationt
-- mm % mN/tex %

05-A-46 4.4 ab 2948 a 81.2a 280.0b 6.5ab
05-WL-27 4.4 ab 29.29a 83.3a 301.1 ab 6.7 a
08-Wz-91 4.4 ab 29.23 a 81.1a 291.0 ab 6.6 a
HGN 71 42b 28.27 a 81.3a 298.4 ab 575c
HGN 78 4.2 ab 29.61a 83.1a 301.a ab 5.9 bc
TAMCOT 73 46a 29.61a 83.3a 308.9 a 6.6 a
Mean 4.5 28.81 82 301.4 6.25
CV % 4.4 23 1.4 3.7 5.0

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

Upper half mean length, uniformity and elongation showed differences
between years. Both upper half mean length and uniformity had the highest
value in 2012. On the contrary, elongation had the highest value on the driest of

the three years studied (Table 12).
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Table 12. Year means for upper half mean length (UHML), uniformity and elongation of six
parental lines of cotton (Gossypium hirsutum L.) evaluated near College Station, TX,
in 2010, 2011 and 2012.

Year UHMLY Uniformityt Elongationt
mm % %

2010 29.53 b 81.1b 6.5b

2011 26.99c 80.1b 75a

2012 3149 a 839a 6.5¢c

Mean 28.8 82.0 6.3

CV % 3.0 17 8.5

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

ULGCS field trials

In the ULGCS field trials the objective was to compare how the
backcrosses performed related to the corresponding recurrent parents and also
to evaluate how the transgenic lines performed in the field when compared to
non transgenic lines. For this reason, the lines were analyzed in a model that
included both the genotype and the type (transgenic or non transgenic) in

addition to year and block (Equation 1).
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Equation 1. ANOVA model for the ULGCS field trials near College Station, TX in
the years 2011 and 2012.
Y = Genotype + Type + Genotype x Type + Year + Block(Year) + Error

Table 13. Lint yield mean squares of six parental lines of cotton (Gossypium hirsutum L.) and its

six introgressed backcross progenies near College Station, TX, in 2011 and 2012.

Source Mean Squares

df Lint yield Lint percentage Crop maturity
Genotype 5 60,915 0.007281*** 529.8***
Type 1 499,606* 0.000651 160.2
Genotype x Type 5 73,369 0.000511 136.4
Block[Year] 6 149,585 0.000476 92.6
Year 1 5,978 0.009801** 26,533.5***
Error 77 89,896 0.000382 59.6

* Significant at the 0.05 level.
*** Significant at the 0.001 level.

The analysis of variance for yield showed no differences among
genotypes or between years but it showed differences between recurrent
parents (non transgenic) and the corresponding backcross lines (transgenic). In
terms of lint percentage, there were differences among genotypes. TAMCOT 73,
08-WZ-91 and 05-A-46 had the highest values, but there were no differences
between the recurrent parents and the backcross lines. The analysis of variance
for crop maturity showed differences between lines but only HGN 71 had a

significantly lower crop maturity (Table 13 and Table 14).
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Table 14. Genotype means for lint yield, lint percent and crop maturity of six parental lines of
cotton (Gossypium hirsutum L.) and its six introgressed backcross progenies
evaluated near College Station, TX, in 2011 and 2012.

Genotype Lint yieldt Lint percentaget Crop maturityt
kg ha™ % %

05-A-46 1,560.0 a 39.2a 709 a
05-WL-27 1,517.0 a 36.1b 76.0 a
08-Wz-91 1,467.2 a 38.6a 75.1a
HGN 71 1,392.6 a 349b 60.6 b
HGN 78 1,426.2 a 343b 715a
TAMCOT 73 1,440.8 a 38.8a 75.2 a
Mean 1,467.3 37.0 71.6

CV % 20.4 53 10.8

Means not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

Transgenic backcross lines had a significantly higher lint yield on average

which suggests a favorable effect of the transgenic trait in terms of plant

productivity with no differences on lint percentage and crop maturity suggesting

that transgenic lines respond to crop cycle similarly to the non transgenic

recurrent parents (Table 15).
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Table 15. Type means for lint yield, lint percent and crop maturity of six parental lines of cotton
(Gossypium hirsutum L.) and its six introgressed backcross progenies evaluated near
College Station, TX, in 2011 and 2012.

Type Lint yieldt Lint Crop maturityt
percentaget

kg ha™ % %
Transgenic progeny 1,539.4 a 37.0a 729 a
Recurrent parents 1,395.1b 373 a 70.3 a
Mean 1,467.3 37.2 71.6
LSD 121.9 0.8 3.1
CV % 204 5.8 10.8

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Student’s t Test.

Table 16. Year means for lint yield, lint percent and crop maturity of six parental lines of cotton
(Gossypium hirsutum L.) and its six introgressed backcross progenies evaluated near
College Station, TX, in 2011 and 2012.

Year Lint yieldt Lint Crop maturityt
percentaget

kg ha” % %
2011 1,475.2 a 36.0b 549b
2012 1,459.4 a 38.0a 88.2 a
Mean 1,467.3 37.0 71.6
LSD 121.9 0.8 3.1
CV % 20.4 5.8 10.8

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Student’s t Test.
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The differences between years were reflected on lint percentage which
was significantly lower in 2011 than in 2012 and in crop maturity. Maturity was
higher in 2012 which could be due to when the boll counts were made within the
growing seasons. Crop maturity is calculated as the percentage of open bolls vs.
the total number of bolls (open + green) when 50% of the crop has open bolls.
Differences are usually relative among genotypes and can be used to match the

best maturity rate with the agronomic production system (Table 16).

The six parental lines and the corresponding ULGCS lines were analyzed
for five fiber quality traits in the same way as the parental lines test. Micronaire,
upper half mean length and strength showed interaction between genotype and
type (Table 17). For this reason differences between genotypes were further
analyzed in an ANOVA by type. Uniformity and elongation showed differences
between genotypes and while uniformity also showed differences between types

elongation showed differences between years (Table 17).
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Table 17. Mean squares of micronaire, upper half mean length (UHML), uniformity, strength and
elongation of six parental lines of cotton (Gossypium hirsutum L.) and its six

introgressed backcross progenies evaluated near College Station, TX, in 2011 and

2012.
Source Mean Squares
Df Mic UHML  Uniformity Strength Elongation

Genotype 5 1.09*** 1.18 1211 4,510.04*** 2.74%**
Type 1 0.08 14.52***  10.47*** 3,915.86*** 0.05
Genotype x Type 5 0.15* 2.49* 1.06 814.38* 0.12
Block[year] 6 0.08 0.29 0.41 347.72 0.09
Year 1 0.55** 0.92 0.79 5,240.15*** 74.20***
Error 77 0.06 0.59 0.62 291.69 0.13

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

*** Significant at the 0.001 level.

Both the transgenic progeny and the recurrent parents of genotypes 05-
A-46 and 08-WZ-91 had a lower uniformity percentage while the two African

lines had the lowest elongation percentage (Table 18).
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Table 18. Genotype means for uniformity and elongation of six parental lines of cotton
(Gossypium hirsutum L.) and its six introgressed backcross progenies evaluated near
College Station, TX, in 2011 and 2012.

Genotype Uniformityt Elongationt
% %
05-A-46 826b 56a
05-WL-27 839a 5.7 a
08-Wz-91 81.8b 5.6 a
HGN 71 83.4a 4.7b
HGN 78 84.0a 50b
TAMCOT 73 83.8a 56 a
Mean 83.3 54
CV % 0.9 6.8

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

The transgenic progeny had a higher uniformity percentage than the
recurrent parents (Table 19) while elongation percentage was lower in the year
2012 than in 2011 showing that this trait was affected by differences between

years (Table 20).
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Table 19. Type means for uniformity and elongation of six parental lines of cotton (Gossypium
hirsutum L.) and its six introgressed backcross progenies evaluated near College
Station, TX, in 2011 and 2012.

Type Uniformityt Elongationt
% %

Transgenic progeny 83.6a 54a

Recurrent parents 829b 54a

Mean 83.3 54

LSD 0.3 0.2

CV % 0.9 6.8

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Student’s t Test.

Table 20. Year means for uniformity and elongation of six parental lines of cotton (Gossypium
hirsutum L.) and its six introgressed backcross progenies evaluated near College
Station, TX, in 2011 and 2012.

Year Uniformityt Elongationt
% %

2011 83.4a 6.3a

2012 83.4 a 45b

Mean 83.3 54

LSD 0.3 0.2

CV % 0.9 6.8

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Student’s t Test

Those fiber traits which had shown an interaction between genotype and

type (main effects) were studied separated by type. In this way the effect of
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genotype can be observed without it being masked by type. The mean squares
table shows there were differences between genotypes in micronaire and
strength both in the transgenic progeny and the recurrent parents while upper

half mean length shows differences in the recurrent parents only (Table 21).

Table 21. Mean squares by type of micronaire, upper half mean length (UHML) and strength of
six parental lines of cotton (Gossypium hirsutum L.) and its six introgressed backcross

progenies evaluated near College Station, TX, in 2011 and 2012.

Source df Mean Squares
Transgenic progeny Recurrent parents

Mic UHML Strength Mic UHML Strength
Genotype 5 0.99*** 0.97 2,984.33***  0.45*** 1.83* 1,475.61***
Block[year] 6 0.06 0.21 90.12 0.09 0.41 544.96*
Year 1 0.32** 0.77 26.58*** 0.23 0.01 1,386.78*
3:2:“”9 X 5 0.02 183  1,259.28*  0.09 0.42 366.68
Error 30 0.05 0.85 320.88 0.06 0.37 221.06

*** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
*** Significant at the 0.0001 probability level.

The genotype with the highest and the lowest micronaire value were
TAMCOT 73 and HGN 71 respectively in both types (Table 22). In the
transgenic progeny there were no differences between genotypes for upper half
mean length but there were differences between the recurrent parents where

TAMCOT 73 and 05-A-46 had the highest UHML and 08-WZ-91 had the lowest
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UHML (Table 22). Strength also shows differences between types (Table 22).
The transgenic progeny shows higher values than the recurrent parents with the

transgenic progeny of HGN 71 having the highest strength (Table 22).

Table 22. Genotype means by type of micronaire, upper half mean length (UHML) and strength
of six parental lines of cotton (Gossypium hirsutum L.) and its six introgressed

backcross progenies evaluated near College Station, TX, in 2011 and 2012.

Genotype Transgenic progeny Recurrent parents

Mic UHML Strength Mic UHML Strength

- mm mN/tex - Mm mN/tex

05-A-46 4.6 ab 29.7 a 294.7b 44a 298 a 298.0b
05-WL-27 43b 30.1a 339.7 a 45a 29.1 ab 326.1a
08-WZ-91 44b 304 a 3246 a 44a 286 b 300.8 b
HGN 71 38¢c 31.0a 3619 a 39b 29.6 ab 327.3a
HGN 78 44D 30.3a 325.3a 42ab 29.6 ab 319.4 ab
TAMCOT 73 4.7 a 29.7 a 3294 a 45 a 299a 327.3 a
Mean 4.4 30.2 329.3 43 294 316.5
CV % 5.1 3.1 5.4 5.7 21 4.7

TMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Tukey HSD Test.

The ANOVA by type showed differences between years for micronaire
and strength which were lower in 2012 than in 2011 while the recurrent parents

showed differences for strength which was also lower in 2012 (Table 23).
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Table 23. Year means by type of micronaire, upper half mean length (UHML) and strength of six

parental lines of cotton (Gossypium hirsutum L.) and its six introgressed backcross

progenies evaluated near College Station, TX, in 2011 and 2012.

Year

2011
2012
Mean
LSD

CV %

Transgenic progeny

Recurrent parents

Mic UHML Strength Mic UHML Strength
-- mm mN/tex -- mm mN/tex
45a 30.25a 334.42 a 43a 29.44 a 321.85a
43b 30.00 a 319.85b 42a 2942 a 311.10 b
4.4 30.21 329.25 4.3 29.43 316.47
0.1 0.38 7.43 0.1 0.25 6.20

5.1 3.1 5.4 5.7 2.1 4.7

tMeans not connected by the same letters are significantly different at the 0.05 probability level

as calculated by least square means (LS Mean) differences Student’s t Test.
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CHAPTER IV

CONCLUSIONS

There are several aspects of the work done to introgress the Ultra-Low
Gossypol Cottonseed transgenic trait from Coker 312 into six elite cotton

cultivars with different origins that are worth being discussed.

Screening methods for ULGCS trait in backcross cottonseed

The selection process of transgenic seed from a population of transgenic
and non transgenic seed was a challenge in itself. From a breeding perspective
the selection of seed to plant the next generation of individuals needs to be
accurate, efficient and the least expensive and time consuming as possible. In
every generation of backcrossing, two types of seed were generated due to
segregation of the transgenic trait; seed that would not carry the ULGCS trait
and seed that would be hemizygous for the trait, meaning that it carried a copy
of the transgene received from the transgenic donor parent gamete. Because
testing a small portion of the seed for the ULGCS trait and germinating it to
continue with the backcrossing proved to be difficult in terms of seed

germination, decision was made to perform the screening using the seedling
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cotyledon tissue. This is a plausible alternative since cottonseed is
predominantly cotyledonary tissue (McMichael, 1960).

Three different methods to identify ultra-low gossypol seeds,
Phloroglucinol Assay for Gossypol, PCR, and Fourier Transform-Near Infrared
(FT-NIRS) Spectroscopy, were tested to determine which one was the most
beneficial in terms of:

a. Accuracy: whether it would be an effective method to select transgenic vs
non-transgenic plants

b. Speed: turn around time from seed harvest to planting of the new
generation needed to be fast in order to advance the most generations in
one year

c. Tissue used: determining presence of the transgene in the seed before
planting is desirable because fewer resources would be used in planting
transgenic individuals only

d. Costs: the method with the lowest cost was desired

The phloroglucinol assay for gossypol was identified as the best method
to select ULGCS seed to be advanced for the next cycle of backcrossing. This
method was selected because it was quantitatively accurate, based on the
results from the experiments conducted to compare phloroglucinol assay with
the PCR method (Chapter lll-Results). The time per sample was lower than with
the PCR method, and the cost was lower than the PCR. Moreover, PCR had no

advantage regarding the tissue-type tested because it also involved the use of
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cotyledons. FT-NIRS appeared to be the most promising because it is a non-
destructive, fast and low cost method that has been applied successfully by
different research groups (Lohumi et al. 2013, Kumar and Andy 2013). Samples
usually do not require prior preparation and the test is less costly than the
traditional wet-chemical methods. Near-infrared spectroscopy uses combination
and overtone bands, which are harmonics of absorption frequencies in the mid-
infrared region, to differentiate compounds and it uses the size of peaks in the
spectrum to indicate abundance of the materials present in the sample. The
advantages of FT-NIRS over NIRS are related to limitations of the dispersive
NIRS instrumentation and the production of an interferogram in the FT-NIRS,
which is the combination of all the infrared frequencies, allowing for reduced
analysis time per sample. Through the Fourier transformation the interferogram
is transformed into a spectrum of frequencies vs. intensity. In addition to this,
FT-NIRS instruments show higher resolution spectra than dispersive NIRS that
can be measured quickly and easily. FT-NIRS instruments also use an internal
reference laser known as Conned Advantage that allows for higher wavelength
accuracy and precision greater than 2 cm™ (Sousa-Correia et al., 2007,
Clermont and Luchetta, 2002). However, in spite of the good correlation
obtained in the calibration curve the gossypol values predicted by the FT-NIRS
were not significantly correlated to the true gossypol values of the seed analyzed
(Chapter lllI-Results). In addition, it was attempted to use FT-NIRS to classify

seed qualitatively in high-gossypol vs. low-gossypol but despite many treatments
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results were not improved. This poor correlation made the FT-NIRS method the
least reliable method to screen the backcross progeny for ULGCS seed. Birth
and Ramey (1982), concluded in their study of gossypol in cottonseed using
Near-Infrared reflectance that the fact that glands containing gossypol are
unevenly distributed in the seed could be a limiting factor for the accurate

quantification of gossypol using spectroscopy techniques.

Field vield trials and fiber quality tests

Two types of yield trials were conducted in this study: a three-year yield
trial of the parental lines selected as recurrent parents for the introgression of
the ULGCS trait and two one-year yield trials in which two different backcross
generations were compared with the elite recurrent parents. As it can be
expected the three years in which the studies took place were different in terms
of total rainfall and average temperature during the growing season from May to
October (U.S. climate data). The year 2010 and the year 2012 had similar
average temperatures throughout the growing season but were different in terms
of distribution of total rainfall. Although the accumulated rainfall was similar in
both years, the year 2010 had high precipitations at the beginning of the growing
season and at the end, during the months of June and September but received
only 1 inch of rain in July and almost no rain in August (0.33 inches). These two

months are critical in cotton because during this time flowering and seed set
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occur which are two of the main factors affecting cotton yield and cotton fiber
quality. In addition, July and August are the hottest months of the growing
season, adding heat stress to a crop which is already suffering from water stress
due to the reduced water availability. On the other hand, rainfall during the year
2012 was distributed more evenly along the growing season with rainfall in July
and August reaching 4.56 inches and 1.71 inches respectively. The year 2011
was highly different both from its preceding and following years. In this year total
rainfall from May to October was almost half the amount of the years 2010 and
2012 and the average temperatures registered in June, July, August and
October were higher than in the same months in 2010 and 2012. The
Comptroller of Public Affairs considers the 2011 Texas drought as the most
severe drought since 1895 (Texas Comptroller of Public Affairs) ). In general, in
the three years tested the four elite cultivars from the Texas A&M Cotton
breeding program had higher yield and Lint percent than the two cultivars with
African origin, showing that adapted germplasm performs better even in harsh
years. In terms of fiber quality, the cultivars with African origin were usually,
although not always, on the lower end for all the traits. This may also be due to
adaptation of these cultivars to the College Station, TX environment. The fact
that yield is usually the main focus of cotton breeding programs while improving
fiber quality traits is not a strong driving factor may also contribute to low
performance on some of the traits analyzed in the African lines and in some of

the Texan cultivars. When the parental lines were grown with the backcross
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progeny the same trend was observed in terms of adaptation of the tested
cultivars to the environment and improved performance of all genotypes in 2012.
Importantly only one of the genotypes tested showed significant differences for
two fiber quality traits between a parental line and its corresponding backcross
progeny. This suggests that the introgression of the ULGCS did not affect the
genetic background of the lines that were used as recurrent parents. More
importantly, the results from this research work confirm the stability of the
ULGCS trait in advanced backcross generations that Rathore et al. 2012 had

studied in advanced transgenic generations.

Impact of the ultra-low gossypol cottonseed trait

Overall, this study shows that the ULGCS seed trait can be introgressed
into elite lines from different origins in a stable manner and without interfering
with the genetic background of the recurrent parent. Moreover, during the
backcross process, selections can be made to improve fiber quality and/or biotic
and abiotic stress tolerance in addition to the yield. Cotton is grown in areas of
the world where people suffer from significant protein deficiencies. Thus,
making the availability of cotton with seed that can be used for monogastric
animals” consumption, including human beings should increase the value of this
crop dramatically. Even in the United States turning the cotton crop into a dual

crop — fiber and seed- can have great impact on local economies which are
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influenced by the cotton industry. Cottonseed with ultra-low gossypol levels
could also impact other industries because it can be fed to the monogastric
animals that convert feed into protein more efficiently than the ruminants. This is
also an advantage for subsistence farmers who could sell the fiber and keep the
seed to feed chicken, pigs and other farm animals.

In addition, provided that appropriate alterations in the silencing cassette
are made and the marker gene can be eliminated, this type of technology has a
great potential in the generation of intragenic plants which may be more easily
accepted by the public and even organic farmers because all the genetic
material introduced will be of cotton plant origin within the species’ sexual
compatibility group (Rommens et al. 2007 and Rommens et al. 2004). This could
accelerate the acceptance by many developing countries that currently ban the
use of GMOs, making this valuable product available to the people who need it

the most.
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