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Introduction
The cotton plant produces the greatest volume and
most important natural fibre in the world. It has been
cultivated for its fibre for over 7,000 years. Despite
the availability of synthetic alternatives, it continues
to serve as an important source of fibre for textiles.
Cotton, adapted to warm climates, is grown in over
80 countries and is a cash crop for nearly 20 million
farmers. Most of the cotton producing countries in
Asia and Africa also suffer from malnutrition (Figure
1). An attribute of cotton not widely recognized is that
for every 1 kg of fibre, the plant produces ~1.65 kg of
seed. In the year 2014, global cottonseed production
reached 47 million metric tons (MMT) (FAO
Production Statistics). This makes cotton the third
largest field crop in terms of edible oilseed tonnage
in the world. In addition to 21% oil, cottonseed is a
source of relatively high-quality protein (23%). Thus,
global production, containing nearly 10.8 MMT of
protein, can potentially provide the protein
requirements of ~590 million people per year at a
rate of 50 g protein/day. However, the ability to use
this nutrient-rich resource for food or even as feed

for monogastric animals is hampered by the
presence of a toxic terpenoid, gossypol, that is unique
to the tribe Gossypieae.
Terpenoids are a class of secondary metabolites that
are produced by many plant species. These
compounds play an important ecological role either
as attractants (e.g. linalool) or as defense compounds
(e.g. bitter triterpenoid cucurbitacins, pungent
diterpenoid polygodial, gossypol and related
compounds in cotton) (Aharoni et al., 2005;
Langenheim, 1994; Stipanovic et al., 1999). However,
the presence of some of the terpenoids or other
types of defense compounds also renders the plants
or their parts that produce them toxic to humans and
animals. Over the course of human history, man has
learned to either avoid consumption of toxic plants/
their parts or to inactivate/neutralize the toxic
compounds present before ingestion (i.e., cassava,
kidney beans). In some cases, the plant product is
used as feed for domestic animals with a rumen
where the toxin can be inactivated or metabolized
before digestion; thus the animal suffers little or no ill
effect from the toxin. Gossypol-containing
cottonseed, produced in abundance as a byproduct
of the fibre production, represents such a case.
Gossypol is a terpenoid produced in pigment glands
of plants belonging to the genus Gossypium of the
family Malvaceae. Gossypol and related terpenoids
are present throughout the cotton plant in the glands
of foliage, floral organs, bolls, roots and seeds
(Stanford and Viehoever, 1918). Constitutive presence
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Cotton producing countries that suffer from malnutrition
Figure 1. Most of the cotton producing countries suffer from undernourishment
of these compounds protects the plant from both
insects and pathogens (Hedin et al., 1992; Stipanovic
et al., 1999) and they are also induced in response to
microbial infections as well as insect herbivory (Bell
et al., 1975; Bezemer et al., 2004; McAuslane and
Alborn, 1998). Gossypol causes heart and liver
damage in monogastric animals including humans
(Gadelha et al., 2014; Risco and Chase, 1997).
Gossypol poisoning has been reported in several
species, including pigs (Haschek et al., 1989), broiler
chicks (Henry et al., 2001), sheep (Morgan et al.,
1988), and goats (East et al., 1994). Monogastric

animals, such as pigs, birds, fish, and rodents, are
more susceptible to gossypol toxicity than ruminants
(Kenar, 2006; Randel et al., 1992; Zhang et al., 2007).
Signs of acute gossypol toxicity in most animals
include impaired body weight gain, weakness,
anaemia, respiratory distress, anorexia, apathy, heart
failure and death after several days (East et al., 1994;
Haschek et al., 1989; Henry et al., 2001; Morgan et al.,
1988). Adult ruminant animals are able to tolerate a
limited amount of gossypol in their diets because
gossypol is bound during ruminal fermentation and
becomes unavailable for intestinal absorption.
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Therefore, cottonseed is currently used mainly as
feed for ruminant animals as either whole seed or
cottonseed meal after oil extraction (gossypol is
chemically and physically removed from the oil and
refined oil has an important role in human nutrition).
However, even adult cattle can suffer from gossypol
toxicity above a certain amount of cottonseed intake
(Smalley and Bicknell, 1982). Young animals, without
fully developed rumen, are more sensitive to
gossypol compared to the adult ruminants (Holmberg
et al., 1988).
Currently, whole cottonseed or the protein-rich CSM
is fed to adult ruminants that are highly inefficient in
converting feed protein into meat protein. The
protein conversion ratio (PCR) for beef cattle is 20 (20
pounds of crude protein in the feed converted to one
pound of beef protein), while PCR for swine, chicken,
tilapia, salmon, shrimp, and eggs is 5.7, 4.7, 5.7, 4.6,
7.7, and 2.6, respectively (Tilman and Clark, 2014;
Boyd, 2005). If gossypol is eliminated from the
cottonseed, then cotton-producing countries with
limited supply of feed protein can derive greater
benefits by utilizing the seed-derived protein as a
feed for poultry, swine or aquaculture species.

Attempts based on plant
breeding and processing
Given the toxicity of gossypol, its elimination from
the cottonseed has been a long-standing goal of
geneticists and cottonseed processors. The “glandless
mutant cotton” cultivated by Native Americans in the
Hopi region of Arizona and discovered by breeders in
the 1950s was free of glands and, therefore, gossypol
-free. The discovery of the glandless cotton mutant
and subsequent introgression of this trait into
commercial cultivars by breeders generated a great
deal of excitement and provided hope for the
utilization of glandless cottonseed as feed for
monogastric animals and for human food (Lusas and
Jividen, 1987). From 1960s through 1980s, several
investigations were launched world-wide to assess
the fitness of gossypol-free cottonseed as a feed for
monogastric animals and even as a source of protein
for human nutrition. Some studies found that
processed glandless cottonseed meal (CSM) was of
equal nutritional value to soybean meal (SBM) in
supporting chick growth and can also be used to

replace part or all of SBM in practical diets for
broilers (Jonston and Watts, 1964; Waldroup et al.,
1968). In a separate study, glandless CSM with SBM,
supplemented with lysine and methionine, was
compared to examine the performance of laying hens
and egg characteristics. The results suggested that the
protein of glandless CSM was about equal to SBM in
sustaining the performance of the laying hens
(Roberson 1970). Reid et al. (1984) found that egg
production rates with diets containing up to 10%
glandless CSM were comparable to those of birds fed
on a SBM based diet. LaRue et al. (1985) conducted
growth trials with 28-day-old, weaner pigs (7.5 kg) and
growing-finishing pigs (19 to 97 kg). In these trials,
glandless CSM was substituted in 20% increments for
supplemental protein provided by SBM in cornsoybean based diets. Lysine was added to all
glandless CSM diets to make them equal to the
control corn-soybean diets. Pigs that were fed up to
40% supplemental glandless CSM protein showed
similar performance to those on control, cornsoybean diet. The authors concluded that glandless
CSM could be effectively used in the diets of starter,
grower and finisher pigs when used in limited
amounts with the addition of supplemental lysine.
Glandless CSM was used not just for animal feeding
studies, but was also found suitable for human
nutrition (Alford et al., 1996; Bressani, 1965; Lusas
and Jividen, 1987; Rathore et al., 2008).
Unfortunately, due to the lack of the glands and,
therefore, the protective terpenoids in the vegetative
and floral parts of the plant, glandless cotton varieties
suffered more severe pest damage from traditional
and also non-traditional cotton pests and had lower
yields under field conditions (Bottger et al., 1964;
Jenkins et al., 1966; Lukefahr et al., 1966; Maxwell et
al., 1965). Thus, although the glandless cottonseed
proved fit as a source of food and feed, it was not
widely accepted by cotton growers. The glandless
cotton experience underscored the importance of
maintaining the protective terpenoids in the
vegetative and floral parts of the plant. The efforts of
traditional plant breeders to eliminate gossypol from
the cottonseed while maintaining the normal levels of
gossypol and related terpenoids in the rest of the
plant have been unsuccessful. During the 1960s and
1970s several solvent removal technologies were
developed, since gossypol can be removed from
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cottonseed meal with various solvents such as
methanol, acetone and isopropyl alcohol. These
solvents were investigated as a means of producing a
low gossypol product that could be safely fed to pigs
and chickens. For various reasons the solvent-based
removal of gossypol has never been economically
viable, even though the de-gossypolized meal was
suitable for most feeding applications.

Biotechnology to the rescue
Failure of breeding efforts and solvent removal
technologies prompted many scientists around the
world, in the 1990s, to utilize the tools of advanced
biotechnology to solve the problem of gossypol
reduction/elimination from the cottonseed only.
While many of the biochemical steps in the synthesis
of gossypol were known, the first gene, that encodes
an important enzyme involved at a critical step in
gossypol biosynthetic pathway, was identified and
cloned in 1995 from an old world diploid cotton
species (Chen et al., 1995). The sequence information
was used to fish out the same gene from the most
widely grown tetraploid cotton (Sunilkumaret al.,

2006). In addition, another important component, a
DNA sequence that can be used to control seedspecific expression or silencing of a given gene was
also isolated from cotton and characterized
(Sunilkumaret al., 2002). In the late 90s, the
biological community came to understand a natural
biological phenomenon known as RNA interference
(RNAi) that can also be used to silence a desired gene
in an eukaryotic organism. Our team at Texas A&M
University used a combination of these three tools
and technologies to engineer a cotton plant that
resulted in the reduction of gossypol from ~10,000
ppm to about 250 ppm in the seed (the United
Nations Food and Agriculture Organization and
World Health Organization guidelines permit up to
600 ppm free gossypol in edible cottonseed
products). Importantly, the levels of gossypol and
related protective terpenoids that are derived from
the same biosynthetic pathway were not diminished
in the foliage and floral parts of the mature plants
and thus remain available for plant defense against
insects, predation and diseases. The stability of this
important trait has been confirmed by evaluation of
several Ultra-low Gossypol Cottonseed (ULGCS) lines

Figure 2. More efficient and diversified uses of Ultra-low Gossypol Cottonseed (ULGCS) compared to the
current use of cottonseed. The numbers within the green circles are protein conversion ratios (feed protein used/edible animal protein produced).
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under field conditions.
The results obtained from greenhouse and field trials
show that the ULGCS lines do not suffer any penalty
in terms of agronomic performance or fibre/seed
yield and quality. The foliage, floral parts and the
roots of the plant retain their naturally occurring,
chemical defense compounds including gossypol.
Thus, ULGCS overcomes the major weakness of the
glandless cotton. Seed compositional analysis did not
show major differences between the ULGCS and
commercial cottonseeds except for their gossypol
content. The ULGCS, being a transgenic product, is
awaiting regulatory approval from two different
federal agencies in the U.S., i.e. USDA-APHIS and FDA.
Following U.S. regulatory approval, the technology
will be shared internationally for humanitarian
purposes.

ULGCS as feed for non-ruminants
Currently, even the countries that suffer from protein
malnutrition and feed shortages utilize the
cottonseed or CSM as a feed for ruminant animals. It
is a practice that is centuries old, and understandably
there will be some cultural resistance to the use of
gossypol-free cottonseed in food products, even in
the countries that suffer most from malnourishment.
The PCR values for many monogastric farm animals,
described earlier, suggest that these animals are
significantly more efficient in converting plant protein
into high-quality meat protein. Especially, egg and
broiler production could become the most efficient
use of any available feed protein source, including
the ULGCS. For example, a country like India, the
biggest cotton producer is also experiencing
increasing consumption of eggs and poultry. A recent
report (Sasidhar and Suvedi, 2015) estimates an
annual growth rate of 5.57% and 11.44% in egg and
broiler production, respectively, in this country that
until recently used to be largely vegetarian. With the
rising middle class in China, egg production rose at
an incredible annual growth rate of 21.9% between
1985 and 2005 (Bingsheng and Yijun, 2008). Poultry
industry, and thus the demand for feed, is likely to
keep growing in several poor countries as their
middle class population grows. According to a World
Bank Report (no. 83177-GLB, 2013), aquaculture is
the fastest growing food production system at

present that is increasing at a rate of 8% per year. By
the year 2030, aquaculture is projected to supply
over 60% of the fish for direct human consumption.
At the same time, the supplies of fishmeal and fish
oil are likely to decrease and it is expected that their
prices will rise by 90% and 70%, respectively. ULGCS
could easily meet part of this rising demand for fish
feed. The potential of ULGCS as a fishmeal
replacement in the diets of shrimp and juvenile
Southern flounder has been demonstrated recently
(Richardson et al., 2016; Alam et al., unpublished).
Additional aquaculture and poultry feeding studies
are planned to fully evaluate the nutritional value of
ULGCS.
ULGCS has the potential to add value to the seed and
help mitigate protein shortages, as the increase in
population and standard of living put pressure on
protein supplies. Thus, a world-wide adoption of
ULGCS technology will not only help address the
shortages of feed protein, but will also help improve
rural economies of cotton-producing nations by
increasing the value of cottonseed because of its
highly diversified uses.
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