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ABSTRACT

Cotton breeders have focused mainly on select-
ing for high yield and early maturity under the 
impact of the boll weevil (Anthonomus grandis 
Boh.) in the last century. Selection for high fiber 
quality was once a less important objective in 
cotton breeding. With the transition of the U.S. 
cotton industry from a domestic consumer to a 
major exporter of raw fibers into the global market 
and the technology advancements in the textile 
industry since the 1990s, the need for high fiber 
quality in cotton cultivars has increased. In recent 
years, genetic improvement in cultivars for insect 
resistance, disease resistance, and abiotic stress 
tolerance has become important for maintaining 
cotton yield. Under strong competition from other 
major crops, increasing profit in cotton production 
has become an urgent task for cotton breeders and 
increasing economic potential in cottonseed and 
other economic traits can help promote profits for 
cotton growers. In this paper, the major research 
projects related to cotton breeding at the USDA-
ARS at Stoneville, MS since the 1960s are reviewed. 
These research projects reflect the changing needs 
in cotton production during the period and focus 
on broadening the genetic base of Upland cotton 
for improving agronomic traits and fiber quality 
in cotton cultivars by a group of scientists with 
different scientific disciplines. A comprehensive 
review of this research can help develop strategies 
and identify research fields to strengthen to meet 
challenges in future.

There have been dramatic changes in research 
objectives for cotton production since the last 

century when the boll weevil was a major pest. During 

this period, selection for early maturing cotton cultivars 
became a long-term breeding objective to escape this 
pest. Another dramatic change in cotton production 
during the last century was the invention of the 
cotton picker and its wide application for harvesting, 
which had a great impact on cotton breeding for early 
cultivars. The selection for high fiber quality cultivars 
was a less important breeding objective. Only 1% 
of U.S. Upland cotton (Gossypium hirsutum L.) 
produced in 1930 exceeded 28 mm in fiber length 
(Smith et al., 1999). With advances in technologies 
of harvesting, ginning, and fiber processing, the 
need for high fiber quality has increased. From 1935 
to 1971, the Pee Dee cotton breeding program of 
USDA-ARS at Florence, SC has emphasized the 
development of extra-long staple, high yielding 
Upland cultivars and introgression of genes from the 
related species, G. arboreum L. and G. thurberi Tod. 
into Upland cotton to improve fiber strength (Culp 
and Harrell, 1974). The Pee Dee program developed 
a number of non-Acala–type cotton germplasm lines 
with high fiber quality including FTA 263 and FTA 
266 (Culp and Harrell, 1980). However, utilization of 
these germplasm lines in the development of cotton 
cultivars was restricted because of the emphasis on 
selection for high yield and early maturity, which 
resulted in a limited number of parents involved in 
crosses during that time. According to an analysis by 
Van Esbroeck and Bowman (1998), only 0.03% of the 
668 cotton germplasm lines registered during 1972 
to 1996 were in the pedigrees of successful cultivars.

The U.S. cotton industry has changed since 
the 1990s from mainly domestic consumption to a 
major cotton exporter in the global market. A survey 
reported that U.S. exports of cotton were estimated 
to reach 15.0 million bales in 2017 marketing year 
(National Cotton Council, 2018). This shift from 
domestic consumption to export has changed the 
requirements of fiber quality. Foreign customers 
demand higher fiber quality than domestic market in 
strength, length, uniformity, and purity of raw fibers. 
Meanwhile, the surviving domestic textile industry 
has increased spinning speed through modernization 
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of equipment resulting in a need for high quality 
fiber to withstand the higher spinning speeds. The 
U.S. cotton breeders have responded well to this 
challenge and the Upland cotton cultivars released 
in recent years have improved fiber quality. The U.S. 
cotton industry and exports have benefited from the 
improved fiber available in the U.S. and the limited 
availability of higher quality cotton in global market. 
However, to remain competitive, fiber quality of U.S. 
Upland cotton cultivars has to be further improved.

In addition to fiber quality, increasing lint yield 
is always a top priority breeding objective. Lint yield 
for U.S. Upland cotton has fluctuated between 600 kg 
ha-1 and 1000 kg ha-1 during 1991 through 2014 with 
an upward trend until 2005 (Fig. 1) (National Cotton 
Council, 2015). Lint yield has plateaued with yearly 
yields ranging from 968 kg ha-1 in 2007 to 925 kg ha-1 
in 2014. Meredith (2000) summarized the factors with 
significant impact on lint yield as yearly variability in 
weather, changes in field management, pest problems, 
and variety improvement. Another important factor 
restricting improvements in lint yield is the negative 
associations between yield traits and fiber properties 
(Miller and Rawlings, 1967; Smith and Coyle, 1997). 
Breeders often have to balance increases in lint yield 
with improvements in fiber quality. The improvement 
of cotton lint yield depends on genetic improvement in 
cultivars through breeding practices and an integration 
of advancement in different scientific disciplines for 
factors influencing cotton yield.

characterize heritable characteristics that confer 
resistance or tolerance to adverse environments and 
pests; (3) coordinate National Cotton Variety Tests; 
and (4) release germplasm with improved lint yield 
and fiber quality (www.ars.usda.gov/main/site_main.
htm?modecode=60-66-10-00). Research activities at 
Stoneville have reflected the needs in the U.S. cotton 
industry. Past research activities have focused on the 
development of cotton germplasm with improved 
lint yield, earliness, fiber quality, insect resistance, 
disease resistance, ginning efficiency, and seed 
quality. Other research activities include revealing 
the relationship between leaf types and lint yield 
and evaluating agronomic potential of nectariless 
cotton and developing isogenic nectariless lines. 
Research also extended to expanding knowledge of 
quantitative genetics to understand interactions of 
genetic and environmental effects on lint yield and 
fiber traits and reduce negative associations between 
yield and fiber quality, and identifying molecular 
mechanisms of fiber initiation to evaluate molecular 
basis underlying the critical agronomic phenotype 
of lint percentage.

IMPACT OF NECTARILESS IN COTTON 
AND DEVELOPMENT OF ISOGENIC 

NECTARILESS LINES

With the dominance of Bt cotton and eradication 
of the boll weevil, the application of insecticides 
has been reduced and the tarnished plant bug, Lygus 
lineolaris (Palisot de Beauvois), in the mid-south 
and the western plant bug, Lygus hesperus (Knight), 
have become the most damaging insects in cotton 
production. Musser et al. (2007) applied nine direct 
and indirect sampling methods to investigate infesta-
tions of hemipterans complex in Upland cotton dur-
ing the flowering period throughout the mid-south 
during 2005 and 2006. They reported the tarnished 
plant bug accounted for 94% of the bug complex 
during that time. A trial was conducted by Musser 
et al. (2009) to analyze thresholds of the tarnished 
plant bug at 19 locations throughout the mid-south 
during 2006 and 2007 and detected significant yield 
loss in Upland cotton at eight locations. Meredith 
and Laster (1975) reported that tarnished plant bug 
caused damage on cotton plants by decreasing boll 
number and also caused reduction in lint yield.

Nectariless is a trait in cotton plants where 
foliar and extrafloral nectaries are absent. The 
inheritance of the nectariless trait in cotton was 

Figure 1. Yearly yield of U.S. Upland cotton between 1991 
and 2014 (National Cotton Council, 2015b).

To meet these challenges, USDA-ARS estab-
lished facilities in the 1960s at Stoneville, MS to 
conduct cotton research including cotton breeding. 
The current mission of this breeding program is to 
(1) expand knowledge of cotton genetics and physi-
ology of cotton fiber development; (2) discover and 
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determined by USDA scientists at Stoneville in 
the early 1960s. The nectariless trait is controlled 
by two recessive genes, ne-1 and ne-2 (Meyer and 
Meyer, 1961). Although entomologists hypoth-
esized that nectariless in cotton might reduce some 
insect populations (Lukefahr and Rhyne, 1960), its 
impact in cotton production was never investigated 
until Meredith et al. (1973) tested the agronomic 
potential of nectariless cotton by comparing three 
nectariless strains to their recurrent parents for lint 
yield. There was not a strong association between 
nectariless trait and agronomic performance in 
cotton detected in that study. Another study by 
Laster and Meredith (1974) compared Stoneville 
7A, Deltapine Smooth Leaf, and Dixie King to their 
nectariless selections. This study found a significant 
reduction of tarnished plant bugs in the nectari-
less lines with no adverse agronomic effects of the 
nectariless trait and concluded that the nectariless 
trait might be effective in controlling pest insects 
in cotton. Meredith (1980) compared nectaried and 
nectariless hybrid populations and identified larger 
seed size, boll size, and longer fibers in nectariless 
cotton plants than nectaried plants. There were no 
deleterious associations between the nectariless 
trait and yield in this study. Nine nectariless germ-
plasm lines were developed by Meredith (1977a) by 
backcrossing to incorporate the nectariless trait into 
nine cotton cultivars. Most recently, eight isogenic 
lines were released that had a combination of three 
traits, sub-okra leaf, smooth leaf, and nectariless 
(Meredith, 1998a). The nectariless germplasm 
lines have been used by cotton breeders in private 
companies to develop six cotton cultivars and one of 
them, Stoneville 825 was the most planted cultivar 
in Delta region during the early 80s.

EFFECTS OF LEAF TYPES ON  
LINT YIELD IN UPLAND COTTON

There are four leaf types in G. hirsutum: broad 
leaf (also called normal leaf), okra leaf, sub-okra, 
and super-okra leaf. These leaf types are controlled 
by a series of lacineate alleles including l2 for broad 
leaf, L20 for okra leaf, L2u for sub-okra leaf, and L2s 
for super-okra leaf (Percy and Kohel, 1999). The 
sub-okra leaf type was first found by Green (1953), 
in a line derived from a tri-species hybrid between G. 
hirsutum, G. arboreum, and G. thurberi developed in 
the Pee Dee germplasm program. Meredith (1984) 
described the sub-okra leaf type in G. hirsutum as 

a trait with “greater indentation of sinus and more 
lobing than normal leaf.”

The relationship between the enhancement 
of sub-okra leaf and lint yield in Upland cotton 
cultivars was not determined until the 1980s. 
Meredith (1984) developed 48 populations from 
crosses between eight cultivars of normal leaf 
type and three mutant leaf types to test for the 
relationship and showed that lint yield of sub-
okra populations was significantly higher (4.8%) 
than populations of the normal and super-okra 
leaf types. A study of eight BC4F3 populations 
derived from sub-okra leaf and normal leaf types 
also showed a 3% yield increase for sub-okra leaf 
cotton over the normal leaf type, but a significant 
leaf type × background interaction was detected 
(Meredith and Wells, 1987). Wells and Meredith 
(1986) observed a significantly higher canopy ap-
parent photosynthesis in sub-okra than the normal 
leaf type and concluded that the intermediate leaf 
isogenic lines are promising as a germplasm for 
physiological criterion-based selection. Eight 
sub-okra cotton germplasm lines were released 
by Meredith (1988) with an average of 3% higher 
lint yield than their eight recurrent parents and 
concluded that sub-okra leaf cotton could replace 
normal leaf cotton in some genetic backgrounds 
with a lint yield increase from 3 to 5%.

Meredith et al. (1996) hypothesized that pyra-
miding different beneficial traits in cotton cultivars 
might increase yield. They developed near isogenic 
populations of BC4F5 by backcrosses of three traits, 
sub-okra leaf, semi-smooth leaf, and nectariless, 
into DES 119 from MD 65-11S and these popula-
tions were evaluated in 1992 and 1993 at Stoneville. 
MD 65-11S is a germplasm line descended from 
‘Deltapine 16’ with sub-okra and semi-smooth leaf 
(Meredith, 1988). The sub-okra leaf type produced 
significantly higher (4%) lint yield than the normal 
leaf type and no negative interactions among the 
three traits were observed in that study. It was con-
cluded that the three traits could be incorporated 
into one cultivar with no major adverse effects. 
Eight near-isogenic lines of DES 119 for the three 
traits, sub-okra, semi-smooth, and nectariless, 
were released by Meredith (1998a). These lines 
were used by cotton breeders and physiologists for 
breeding and physiological research. The sub-okra 
gene source from ARS germplasm lines has been 
incorporated into some breeding programs in the 
U.S. to increase lint yield.
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factor contributing to the G × E effects for yield. 
Meredith et al. (2012) analyzed G × E effects from 
2001 through 2007 in 56 year-location environments 
in Regional High Quality tests. When variance com-
ponents were expressed as a percentage of the total 
variance, the variance components of E, G, and G × 
E for lint yield were 84.3, 7.4, and 8.4, respectively; 
whereas the variance components for the fiber qual-
ity traits ranged from 25.5 to 73.9 for E, 16.1 to 52 
for G, and 9.1 to 22.6 for G × E. They suggested 
that partitioning the Cotton Belt into regions is still 
necessary for testing lint yield.

It would be ideal if breeders could identify op-
timum testing environments so that breeding lines 
could be tested for agronomic performance in fewer 
environments (Campbell and Jones, 2005). Because 
it is difficult to identify the optimum testing environ-
ment due to the nature of G × E effects, grouping 
similar environments using historical data could be 
another approach to reduce G × E effects and identify 
suitable testing environments. Zeng et al. (2014) 
analyzed testing locations using lint yield data from 
2003 through 2009 for the testing locations in Flor-
ence, SC, Belle Mina, AL, and Jackson, TN for the 
Eastern region; Keiser, AR, Portageville, MO, and 
Stoneville, MS for the Delta region; Bossier City, 
LA and College Station, TX for the Central region; 
Lubbock, TX for the Plains region; and Las Cruces, 
NM for the Western region. The testing locations of 
Lubbock and Las Cruces were distinct from the other 
testing locations. The daily minimum temperature 
contributed most to the G × E effects of lint yield 
in this study. The so called mega-environments that 
would group similar testing locations for agronomic 
performance were not identified in this study. How-
ever, the environments of Las Cruces, NM and Lub-
bock, TX appeared unique in these tests for lint yield.

Yearly Changes of Yield. By regression of yield 
means pooled over 15 testing locations on years from 
1960 to 1996 in NCVT tests, two distinct yield trend 
periods, 1960 to 1981 and 1982 to 1996, were identi-
fied with an average higher yield of 193 kg ha-1 for 
the later period (Meredith, 1998b). A yield plateau 
was identified by the regression of yearly yield over 
test years within each period as -2.0 and -5.0 kg ha-1 
year-1. Campbell et al. (2014) divided NCVT trials 
between 1981 and 2011 into two groups, 1981 to 
1995 and 1996 to 2011 and used standards in each 
testing cycle to adjust for environmental effects to 
estimate genetic gains of lint yield over years. They 
observed that the rate of genetic gain between 1996 

THE NATIONAL COTTON VARIETY 
TEST PROGRAM

In 1958, a meeting was held in Houston, TX by 
personnel from across the cotton industry, public 
agencies, and government research institutes to 
plan a national program to conduct tests to evaluate 
experimental varieties for lint yield, fiber quality, 
and seed quality traits across a wide range of envi-
ronments of cotton production regions in the U.S. In 
September 1959, the first meeting of the National 
Cotton Variety Test (NCVT) program was organized 
by a USDA-ARS scientist, Charles Lewis, and the 
first NCVT tests were planted in 1960. The program 
was managed over the years by ARS scientists at 
several sites with the majority of those years at Ston-
eville, MS (1980-current). The program partitioned 
the Cotton Belt into six regions: East, Delta, Central, 
Plains, West, and San Joaquin, to facilitate tests for 
region specific cultivars and identification of the elite 
cultivars with excellent adaptability across regions. 
Since the establishment of the program, more than 
1,300 cultivars, germplasm lines, and strains have 
been tested in the program (Suszkiw, 2010). ‘DES 56’ 
was tested through the NCVT program in the 1970s 
and released in 1978 (Bridge and Chism, 1978). 
This cultivar can be found in the pedigrees of most 
cultivars developed in the East, Delta, and Central re-
gions. The program also has selected cotton cultivars 
as national standards in each testing cycle to compare 
testing lines across regions and years. An archive of 
data is maintained by the program at Stoneville, MS 
and available upon request for cotton researchers to 
analyze genotype × environment interactions and 
changes in varietal performance over time.

Genotype × Environment Interaction (G × E). 
Reducing G × E effects is a major breeding objective 
to improve stability of cultivars. Abou-El-Fittouh 
et al. (1969a, b) were the first to use NCVT data to 
evaluate the G × E effect and identify environmental 
factors contributing to varietal performance. Data 
from four standard varieties evaluated at 39 loca-
tions from 1960 to 1962 were used in those studies. 
The ratio of the G × E component to the genotype 
component was 2.3 for lint yield, whereas ratios less 
than 1.0 were reported for fiber properties. Based 
on these results, the authors concluded that G × E 
was important for yield, but less important for fiber 
properties. The authors also analyzed temperature, 
elevation, moisture, disease, and insect infection 
and identified temperature as the most important 
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and 2011 was significantly higher than between 
1981 and 1995 and the trend paralleled the shift to 
a transgenic production system. Zeng et al. (2015) 
analyzed yield data in NCVT tests conducted dur-
ing 1996 and 2013 and identified significant lint and 
seed yield increases over testing cycles during that 
period that also coincided with the increase use of 
transgenic lines. The number of transgenic varieties 
ranged from 0 to 2 in the two early cycles between 
1996 and 2001, whereas they ranged from 3 to 13 
in the next four testing cycles from 2002 to 2013.

USE OF EXOTIC GERMPLASM TO 
REDUCE NEGATIVE ASSOCIATIONS 

BETWEEN YIELD AND FIBER QUALITY

Meredith (1977b) has shown that the negative 
association between lint yield and fiber strength can 
be reduced through introgression of exotic germ-
plasm into Upland cotton. The release of MD51ne 
by Meredith (1993) is an example for a successful 
reduction in such negative association. MD51ne was 
selected from a BC2F2 population that originated 
from a cross between MD65-11ne and ‘Deltapine 
90’. MD65-11 is a nectariless strain with genetic 
background of a Pee Dee germplasm line, FTA 263-
20. When compared with its parent, Deltapine 90, 
MD51ne had 6.7% higher lint yield and 11% higher 
fiber strength. At the time of evaluation (1989-1991), 
the lint yield of MD51ne was equivalent to the most 
popular cultivar Deltapine 50. MD51ne has been 
used in private breeding programs such as Phytogen 
and public breeding programs to develop cultivars 
such as Arkot 9608ne (Bourland and Jones, 2008) 
and TAM 98D-99ne (Thaxton et al., 2005).

Random mating between exotic germplasm 
and Upland cotton is another method to introgress 
favorable exotic genes into Upland cotton. The 
species polycross (SP) population, was initiated 
by P.A. Miller at North Carolina State University 
and advanced and maintained at Stoneville. This 
population underwent random mating among wild 
tetraploid species including G. barbadense L., G. 
tomentosum Nutt. ex Seem., G. mustelinum Miers 
ex Watt., and G. darwinii Watt., and Upland cot-
ton in the 1960s and 1970s. The population, John 
Cotton (JC), was developed by random mating 
between G. barbadense and Acala 1517-type va-
rieties at USDA-ARS in Las Cruces, NM in the 
1970s and advanced and maintained at Stoneville. 
These populations were evaluated at USDA-ARS 

facilities in Stoneville since the 1990s. Significant 
genotypic variations for lint yield and fiber prop-
erties were identified within populations based 
on evaluation of 260 SP lines and 200 JC lines in 
2005, 2006, and 2007 (Zeng and Meredith, 2009a; 
Zeng et al., 2007). Nine germplasm lines were 
selected from the populations showing desirable 
combinations of lint yield, yield components, and 
fiber properties and released (Zeng and Meredith, 
2009b; Zeng et al., 2010). These germplasm lines 
have been utilized by the private breeding program 
of Monsanto and public breeding programs in 
China and Uzbekistan.

The release of MD 10-5 is a recent example of a 
germplasm line combining high yield and high fiber 
strength (Zeng et al., 2016). MD 10-5 was selected 
from F5 progenies of a cross between MD 15 and 
JAJO 1145ne. MD 15 was derived from a cross 
between ‘FiberMax 832’ and MD 51ne, and JAJO 
1145ne is an unreleased breeding line derived from 
a cross of JAJO 9596/JAJO 9550 (Jack Jones, JAJO 
Genetics, Baton Rouge, LA). The mean lint yield of 
MD 10-5 across nine testing locations in the 2012 
Regional High Quality test was 1605 kg ha-1, which 
was similar to the yield (1607 kg ha-1) of the high 
yielding check PHY 375WRF, whereas its strength 
was 329 kNmkg-1, significantly higher than the high 
fiber quality check FM 9058F (316 kNmkg-1). In the 
2012 and 2013 Regional Breeder’s Testing Network 
trials, MD 10-5 ranked at the top for lint yield and 
strength compared to the checks. MD 10-5 has been 
used in major private breeding programs in the U.S. 
and the public breeding program of the University 
of Arkansas.

TRANSFERRING NEMATODE 
RESISTANCE TO UPLAND COTTON

The reniform nematode (Rotylenchulus renifor-
mis Linford and Oliveira) occurs in tropical, semi-
tropical, and warm temperate soils (Robinson et al., 
2001). Cotton losses in the U.S. to reniform nema-
tode in 2014 were estimated at 3.1% (Lawrence et al., 
2015), with higher losses in the mid-southern states 
of Mississippi, Alabama, and Louisiana, where this 
species has replaced root-knot nematode (Meloido-
gyne incognita Kofoid & White Chitwood) as the 
predominant nematode on cotton (Robinson, 2007). 
Current management strategies rely on nematicides 
and crop rotation because there are no resistant com-
mercial cotton cultivars available.
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There is no strong resistance to reniform nema-
tode in G. hirsutum (Robinson, 2007) so USDA ARS 
researchers at several locations have been utilizing 
the resistance available in related Gossypium spe-
cies to develop resistant germplasm. Collaborative 
research involving the Stoneville team resulted 
in the release of germplasm line BARBREN-713 
(PI671965), with resistance to reniform nematode 
derived from tetraploid G. barbadense accession 
GB 713 (Bell et al., 2015). However, work at 
Stoneville has focused primarily on identifying 
resistance in diploid relatives of Upland cotton 
and transferring that resistance to Upland cotton. 
Screening accessions under controlled environment 
conditions (Stetina and Young, 2006) has resulted in 
characterization of the levels of resistance in more 
than 450 accessions of G. arboreum and more than 
50 accessions of G. herbaceum resulting in the 
identification of more than 120 accessions confer-
ring resistance (Sacks and Robinson, 2009; Stetina 
and Erpelding, 2016). Two G. arboreum accessions 
with high levels of resistance, A2-190 (PI 615699; 
Sacks and Robinson, 2009) and A2-100 (PI 529728; 
Erpelding and Stetina, 2013) have been used as the 
basis for germplasm improvement efforts by Ston-
eville researchers. High levels of resistance to R. 
reniformis also were reported in G. aridum (Rose 
& Standl.) Skov (Romano et al., 2009; Sacks and 
Robinson, 2009).

Although high levels of resistance to the 
nematode exist in these diploid species, transfer-
ring resistance to a tetraploid species is limited by 
barriers to hybridization. Breeding methodology 
including interspecific crosses with ovule culture 
and embryo rescue used to recover the hybrid plant 
followed by chromosome doubling to develop 
compatible breeding lines has been developed or 
improved by the USDA ARS research team (Er-
pelding, 2015; Sacks, 2008). Alternatively, Sacks 
and Robinson (2009) used the hexaploid bridging 
line G371 [(G. hirsutum x G. aridum)2] (Maréchal, 
1983) to develop a tri-species hybrid by crossing 
it to the R. reniformis resistant G. arboreum acces-
sion A2-190 (PI 615699). All of the selfed seeds 
of G371 screened for R. reniformis reaction were 
resistant. Because resistance has not been found 
in G. hirsutum, the resistance was postulated to 
come from G. aridum and this hypothesis was 
confirmed in an independent test (Fang and Stetina, 
2011). Backcrossing usually is required to restore 
fertility, and multiple generations of backcrossing 

are often needed to recover the desirable tetraploid 
phenotype before this tri-species hybrid can be used 
in cotton breeding.

Identification of molecular markers for resis-
tance is critical for developing resistant lines in a 
breeding program, as it can speed up selection and 
increase the numbers of individuals that can be evalu-
ated. Determining the number and location of the 
genes conferring resistance is necessary for marker 
identification. The genomic location of a single 
dominant gene from G. aridum conferring R. reni-
formis resistance (Renari) was identified, along with 
associated molecular markers (Romano et al., 2009). 
The resistance from G. arboreum accession A2-190 
(PI 615699) was conferred by a single dominant gene 
(Sacks and Robinson, 2009). Whereas, resistance 
in G. arboreum accession A2-100 (PI 529728) was 
conferred by a single recessive gene (Erpelding and 
Stetina, 2013); thus presenting an opportunity to 
utilize unique sources of resistance from this diploid 
species in future introgression research. Presently, 
15 sources of resistance from G. arboreum acces-
sions have been introgressed and breeding lines are 
under development to further evaluate these sources 
of resistance.

INCREASING THE ECONOMIC 
POTENTIAL OF SEED

Cotton (G. hirsutum) produces a number of toxic 
terpenoid aldehyde (TA) compounds contained in 
epidermal glands that help protect the plant from 
pests and diseases. In the seed, one of these toxic 
compounds, gossypol, limits the use of the seed to 
ruminants such as dairy cows. A reduction in seed 
gossypol content would allow a proportional increase 
of cottonseed meal in ruminant rations. In addition, 
lines with low seed gossypol would improve the 
feeding value of cottonseed and allow it to be in-
cluded in rations for monogastrics such as fish, pigs, 
and broiler chickens.

One strategy to remove gossypol has been to 
completely eliminate all the glands on the plant that 
contain gossypol. A glandless genetic stock was 
developed by McMichael (1960), and for the next 
20 years, extensive efforts were made to develop 
glandless cotton cultivars. These glandless cultivars 
have not been successful commercially because 
without the glands on the vegetative parts of the 
plant, the plants suffer increased damage from a 
number of pests.
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Glanding in G. hirsutum is controlled by two 
major genes, Gl2 and Gl3 (McMichael 1960). Work 
by Joshua Lee (Lee, 1965, 1977) indicated that the 
gl2gl2Gl3Gl3 genotype had a greater effect on de-
creasing seed glanding than Gl2Gl2gl3gl3. Although 
completely eliminating glands (and gossypol) has 
not been commercially viable, studies at Stoneville 
demonstrated that a more moderate strategy could 
be successful. Studies demonstrated that the number 
of dominant alleles present affected the density of 
the glands and although both genes were active in 
the vegetative and reproductive parts of the cotton 
plant, it was confirmed that Gl2 was more highly 
expressed in the seed, whereas Gl3 was more active 
in the non-reproductive plant parts. Because TA 
compounds are not produced in the above-ground 
parts of the plant when glands are not present, seed 
gossypol content is associated with the number 
of glands present (Scheffler, 2016). Fully glanded 
plants (Gl2Gl2Gl3Gl3) were crossed to a completely 
glandless plant (gl2gl2gl3gl3), and selections were 
made in subsequent generations to obtain lines that 
minimized seed gossypol content while maintaining 
near-normal glanding in the remainder of the plant 
(Romano and Scheffler, 2008). A set of germplasm 
lines was released based on this research (Scheffler 
and Romano, 2012).

Although there are breeding techniques and 
germplasm available to decrease gossypol in the 
seed, the breeding process also needs to include 
evaluation of the plant’s ability to resist insect pests. 
Three approaches were tested at Stoneville to assess 
resistance of cotton to herbivory from bollworm [He-
liocoverpa zea (Boddie)] and tobacco budworm (He-
liothis virescens Fabricius): field counts, controlled 
field antibiosis assays, and laboratory feeding tests 
of young field-grown leaves. Results indicated that 
both field and laboratory evaluation could provide an 
assessment of the cotton host’s resistance. Compar-
ing the levels of terpenoid aldehydes in the seed and 
the leaves confirmed that the levels and types of TAs 
in the seed were not always good estimators of leaf 
TAs and that other TAs such as hemigossypolone 
and heliocides contribute to host plant resistance 
(Scheffler et al., 2012).

Successful breeding programs optimize the time, 
labor, and resources needed to produce an improved 
elite line or variety. When possible, selecting indi-
vidual plants in the F2 generation offers the most 
efficient strategy for selection and development. The 
genes controlling glanding and gossypol concentra-

tion are simply inherited and lend themselves to early 
generation selection. At Stoneville, we developed 
rapid and cost effective methods to measure (+) and 
(-) gossypol in the cotyledon (chalazal) half of a seed 
by high performance liquid chromatography (HPLC) 
at a reduced scale. Techniques also were developed 
to propagate the embryo (micropylar) half of the seed. 
These techniques were used to develop elite lines 
with varied gossypol levels. With this strategy, the 
number of lines needing to be evaluated in later gen-
erations was decreased and the lines were produced 
one year earlier than would have been possible with 
a more conventional breeding strategy (Scheffler and 
Romano, 2008; Scheffler et al., 2015).

New technologies are emerging that will allow 
more targeted and precise methods to modify gos-
sypol in cotton plants. To use these new technolo-
gies, a better understanding of gossypol and gland 
development is needed. Our development study used 
a VHX-600 Keyence Digital Microscope with a 
VH-Z20R (20X to 200X) lens to capture developing 
ovule (seed) images at 14, 16, 18, 20, and 22 days 
after flowering (DAF) to determine the point in seed 
development where gossypol glands were initiated 
and then filled with gossypol. The study revealed 
empty glands forming as early as 16 DAF and as 
late as 20 DAF depending on the cotton line evalu-
ated. For most of the varieties, glands were filling 
with gossypol by 18 DAF, but as early as 16 DAF 
for special ultra-early varieties from Uzbekistan 
(Scheffler et al., 2014).

BREEDING ACTIVITIES INTEGRATING 
MULTIPLE SCIENTIFIC DISCIPLINES

Meredith (2005a) determined that the minimum 
number of genes controlling fiber strength in a back-
cross population was 1.1 to 1.3. Two near isogenic 
lines, MD90ne and MD52ne, were developed with 
a 10% higher fiber bundle strength in MD 52ne 
compared to its recurrent parent, MD 90ne (Meredith, 
2005b). These two near isogenic lines were used to 
identify one quantitative trait loci (QTL) for fiber 
bundle strength, qFBS-c3 on chromosome 3 originat-
ing from MD 52ne (Islam et al., 2014).

Reducing cost in cotton production and pro-
cessing is critical for increasing profit of cotton 
growers and the industry. Energy consumption 
during ginning is an important part of the cost and 
it might be reduced by selection for varieties with 
lower gin-stand energy consumption. Varieties with 
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reduced fiber-seed attachment force have potential 
to improve ginning efficiency and consume less 
energy than conventional varieties. Bechere et al. 
(2014) defined ginning efficiency as reduction of 
net gin-stand energy usage and an increase of gin-
ning rate. Two F3 populations derived from two 
crosses between parental cultivars with differen-
tial ginning energy requirements were evaluated 
by Bechere et al. (2014) to determine if the lower 
energy requirement and higher ginning rate can 
be used as selection criteria for improving ginning 
efficiency. Average broad-sense heritability over 
the two populations for fuzz percentage, ginning 
rate, net ginning energy, and gross ginning energy 
was 0.61, 0.16, 0.38, and 0.29, respectively. Ge-
notypic correlations between fuzz percentage and 
net ginning energy and between fuzz percentage 
and ginning rate were 0.45 and -0.54, respectively, 
for the cross of JJ 1145ne × Arkot 9608ne. It was 
concluded that selection for lower fuzz percentage 
might result in better ginning efficiency. A further 
study (Bechere et al., 2016) determined that MD 
25, a germplasm line with high lint yield and high 
fiber quality (Meredith and Nokes, 2011), had high 
general combining ability (GCA) for ginning rate, 
and Ark 9317-26, an unreleased breeding line with 
naked seed derived from a cross of N-143-6/‘H1330’ 
had significant negative GCA for net ginning energy. 
These lines can be used in breeding to improve 
ginning efficiency.

Understanding the genetic mechanisms of fiber 
initiation and development will aid in the genetic 
improvement of fiber properties. Genetic mutations 
have been identified that inhibit both lint and fuzz 
development. Three loci, N1 and n2 (Percy and Ko-
hel, 1999) and n3 (Turley and Kloth, 2002), have 
been reported to inhibit fuzz fiber development. 
The fuzzless seed locus, n3, also was shown to be 
associated with the fiberless seed phenotype in a 
fiberless line, SL1-7-1 (Turley and Kloth, 2008). 
A fiberless cotton germplasm line, MD 17, was 
developed resulting from the homozygous expres-
sion of two fuzzless loci N1 and n2 (Turley, 2002). 
Two unreleased Ligon lintless NILs were developed 
and have been used for studies of biochemical and 
molecular mechanisms of fiber development: Li-
gon lintless 1 (Gilbert et al., 2013; Naoumkina et 
al., 2015; Thyssen et al., 2014b, 2015) and Ligon 
lintless 2 (Gilbert et al., 2013; Hinchliffe et al., 
2011; Naoumkina et al., 2013, 2014; Thyssen et 
al., 2014a). Other near isogenic lines that should be 

released soon are derived from a virescent leaf with 
the seed accession number 30 (SA 30, PI528567) 
and a bronze leaf (SA 31, PI528448).

CONCLUSIONS AND PERSPECTIVES

The breeding efforts of the USDA cotton breed-
ing program at Stoneville, MS have focused on 
broadening the genetic base of Upland cotton for im-
proving agronomic performance and fiber quality in 
cotton cultivars by developing germplasm lines with 
improved lint yield, fiber quality, insect resistance, 
disease resistance, and differential leaf morphology. 
The NCVT program has evaluated more than 1,300 
cotton varieties across diverse environments of the 
U.S. Cotton Belt and the data have been used to 
analyze genotype × environment effects on yield, 
fiber quality, and seed traits. The integration of 
multiple scientific disciplines has contributed to our 
understanding of molecular basis of fiber quality and 
mechanisms underlying fiber development.

The improved fiber quality measurement 
techniques, the dominance of the transgenic cot-
ton in production, and the boll weevil eradication 
program have had a dramatic impact on cotton pro-
duction and research. It is expected that the recent 
achievements in biotechnology and bioinformatics 
such as the release of the genome sequences for G. 
raimondii (Wang et al., 2012), G. arboretum (Li 
et al., 2014), and G. hirsutum (Li et al., 2015) will 
have a great impact on cotton research. Functional 
candidate genes can be identified that underlie the 
QTL for cotton yield traits, fiber properties, and 
pest resistance. These candidate genes can promote 
understanding of molecular mechanisms of fiber 
development, and facilitate validation of QTL for 
marker-assisted breeding, and reduce or break nega-
tive associations between lint yield and fiber quality. 
Another challenge to breeders is to promote profits 
for cotton growers by increasing yield, reducing cost 
of production, and developing new cultivars with 
value-added traits.

Therefore, we should strengthen research on (1) 
genetic improvement of lint yield and fiber quality, 
(2) introgression of exotic germplasm into Upland 
cotton, (3) molecular mechanisms for fiber devel-
opment, and (4) development of biotechnological 
tools for marker-assisted breeding. Currently, the 
following projects are nearly completed in USDA 
breeding program at Stoneville: (1) identification 
of QTL for ginning efficiency in collaboration with 
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molecular biologists in Cotton Fiber Biotechnology 
Laboratory; (2) development of three sets of NILs 
for Ligon lintless and two sets of virescent lines; 
(3) development of germplasm lines with higher 
fiber strength and extra-long staple derived from 
wild crosses among G. arboreum, G. aridum, and 
G. hirsutum; and (4) release of G. hirsutum germ-
plasm lines with improved nematode resistance from 
related Gossypium species.

ACKNOWLEDGMENT

This research was funded by USDA-ARS, Proj-
ect No. 6066-21000-051-00D.

DISCLAIMER

Mention of trade names or commercial prod-
ucts is solely for the purpose of providing specific 
information and does not imply recommendation or 
endorsement by the U.S. Department of Agriculture 
(USDA). USDA is an equal opportunity provider 
and employer.

REFERENCES

Abou-El-Fittouh, H.A., J.O. Rawlings, and P.A. Miller. 1969a. 
A classification of environments to control genotype by 
environment interactions with an application to cotton. 
Crop Sci. 9:135–140.

Abou-El-Fittouh, H.A., J.O. Rawlings, and P.A. Miller. 1969b. 
Genotype by environment interactions in cotton—Their 
nature and related environmental variables. Crop Sci. 
9:377–381.

Bechere, E., J.C. Boykin, and L. Zeng. 2014. Genetics of 
ginning efficiency and its genotypic and phenotypic cor-
relations with agronomic and fiber traits in upland cotton. 
Crop Sci. 54:507–513.

Bechere, E., L. Zeng, and R. Hardin. 2016. Combining abil-
ity of ginning rate and net ginning energy requirement 
in upland cotton (Gossypium hirsutum L.). Crop Sci. 
56:499–504.

Bell, A. A., A.F. Robinson, J. Quintana, S.E. Duke, J.L. Starr, 
D.M. Stelly, X. Zheng, S. Prom, V. Saladino, O.A. 
Gutiérrez, S.R. Stetina, and R.L. Nichols. 2015. Reg-
istration of BARBREN-713 germplasm line of Upland 
cotton resistant to reniform and root-knot nematodes. J. 
Plant Regist. 9:89–93.

Bourland, F.M., and D.C. Jones. 2008. Registration of 
Arkot 9608ne germplasm line of cotton. J. Plant Regist. 
2:125–128.

Bridge, R.R., and J.F. Chism. 1978. Registration of DES 56 
cotton. Crop Sci. 18:524–524.

Campbell, B.T., and M.A. Jones. 2005. Assessment of geno-
type × environment interactions for yield and fiber qual-
ity in cotton performance trials. Euphytica 144:69–78.

Campbell, B.T., D. Boykin, Z. Abdo, and W.R. Meredith, Jr. 
2014. Cotton. p. 13–32. In S. Smith, B. Diers, J. Specht, 
and B. Carver (eds.) Yield Gains in Major U.S. Field 
Crops. Crop Science Society of America, Madison, WI.

Culp, T.W., and D.C. Harrell. 1974. Breeding quality cotton at 
the Pee Dee Experiment Station, Forence, SC. USDA-
ARS Publ., ARS-S-30.

Culp, T.W., and D.C. Harrell. 1980. Registration of extra-long 
staple cotton germplasm. Crop Sci. 20:291–291.

Erpelding, J.E. 2015. Selection of Gossypium hirsutum geno-
types for interspecific introgression from G. arboreum 
using ovule culture. African J. Biotech. 14:1373–1378.

Erpelding, J.E., and S. R. Stetina. 2013. Genetics of reniform 
nematode resistance in Gossypium arboreum germplasm 
line PI 529728. World J. Agric. Res. 1:48–53.

Fang, D.D., and S.R. Stetina. 2011. Improving cotton (Gos-
sypium hirsutum) plant resistance to reniform nematodes 
by pyramiding Ren1 and Ren2. Plant Breed. 131:170–175.

Gilbert, M.K., J.M. Bland, J.M. Shockey, H. Cao, D.J. 
Hinchliffe, D.D. Fang, and M. Naoumkina. 2013. A tran-
script profiling approach reveals an abscisic acid-specific 
glycosyltransferase (UGT73C14) induced in developing 
fiber of Ligon lintless-2 mutant of cotton (Gossypium 
hirsutum L.). PLoS ONE 8:e75268.

Green, J.M. 1953. Sub Okra, a new leaf shape in upland cot-
ton. J. Hered. 44:229–232.

Hinchliffe, D.J., R.B. Turley, M. Naoumkina, H.J. Kim, 
Y. Tang, K.M. Yeater, P. Li, and D.D. Fang. 2011. A 
combined functional and structural genomics approach 
identified an EST- SSR marker with complete linkage to 
the Ligon lintless-2 genetic locus in cotton (Gossypium 
hirsutum L.). BMC Genomics. 12: 445.

Islam, M.S., L. Zeng, C.D. Delhom, X. Song, H.J. Kim, P. 
Li, and D.D. Fang. 2014. Identification of cotton fiber 
quality quantitative trait loci using intraspecific crosses 
derived from two near-isogenic lines differing in fiber 
bundle strength. Mol. Breeding. 34:373–384.

Laster, M.L., and W.R. Meredith, Jr. 1974. Influence of nec-
tariless cotton on insect populations, lint yield and fiber 
quality. Mississippi Agricultural and Forestry Experi-
ment Station, Mississippi State Univ. Mississippi State, 
MS. June 1974, Information Sheet no. 1241.



33ZENG ET AL.: HISTORY AND CURRENT COTTON RESEARCH AT USDA-ARS STONEVILLE, MS

Lawrence, K.S., M. Olsen, T. Faske, R. Hutmacher, J. Muel-
ler, J. Marois, B. Kemerait, C. Overstreet, P. Price, G. 
Sciumbato, G. Lawrence, S. Atwell, S. Thomas, S. 
Koenning, R. Boman, H. Young, J. Woodward, and H.L. 
Mehl.2015. Cotton disease loss estimate committee 
report, 2014. p. 188–190 In Proc. Beltwide Cotton Conf., 
San Antonio, TX. 5-7 Jan. 2015. Natl. Cotton Counc. 
Am., Memphis, TN.

Lee, J.A. 1965. The genomic allocation of the principal 
foliar-gland loci in Gossypium hirsutum and Gossypium 
barbadense. Evolution 19:182–188.

Lee, J.A. 1977. Inheritance of gossypol level in Gossypium 
III: Genetic potentials of two strains of Gossypium 
hirsutum L. differing widely in seed gossypol level. Crop 
Sci. 17:827–930.

Li, F., G. Fan, C. Lu, G. Xiao, C. Zou, R.J. Kohel, Z. Ma, H. 
Shang, X. Ma, J. Wu, X. Liang, G. Huang, R.G. Percy, 
K. Liu, W. Yang, W. Chen, X. Du, C. Shi, Y. Yuan, W. Ye, 
X. Liu, X. Zhang, W. Zhang, W. Liu, H. Wei, S. Wei, G. 
Huang, X. Zhang, S. Zhu, H. Zhang, F. Sun, X. Wang, 
J. Liang, J. Wang, Q. He, L. Huang, J. Wang, J. Cui, G. 
Song, K. Wang, X. Xu, J.Z. Yu, Y. Zhu, and S. Yu. 2015. 
Genome sequence of cultivated Upland cotton (Gos-
sypium hirsutum TM-1) provides insights into genome 
evolution. Nat. Biotechnol. 33:524–530.

Li, F., G. Fan, K. Wang, F. Sun, Y. Yuan, G. Song, Q. Li, Z. 
Ma, C. Lu, C. Zou, W. Chen, X. Liang, H. Shang, W. 
Liu, C. Shi, G. Xiao, C. Gou, W. Ye, X. Xu, X. Zhang, 
H. Wei, Z. Li, G. Zhang, J. Wang, K. Liu, R.J. Kohel, 
R.G. Percy, J.Z. Yu, Y. Zhu, J. Wang, and S. Yu. 2014. 
Genome sequence of the cultivated cotton, Gossypium 
arboreum. Nat. Genet. 46:567–572.

Lukefahr, M.J., and C. Rhyne. 1960. Effects of nectariless 
cottons on populations of three lepidopterous insects. J. 
Econ. Entomol. 53:242–244.

Maréchal, R. 1983. Une collection d’hybrides interspéci-
fique du genre Gossypium. Coton et Fibres Tropicales 
38:240–246.

McMichael, S.C. 1960. Combined effects of glandless genes 
gl2 and gl3 on pigments in the cotton plant. Agron. J. 
52:385–396.

Meredith, W.R. Jr. 1977a. Registration of nine germplasm 
lines of nectariless cotton. Crop Sci. 17:189.

Meredith, W.R. Jr. 1977b. Backcross breeding to increase 
fiber strength of cotton. Crop Sci. 17:172–175.

Meredith, W.R. Jr. 1980. Performance of paired nectaried and 
nectariless F3 cotton hybrids. Crop Sci. 20:757–760.

Meredith, W.R. Jr. 1984. Influence of leaf morphology on lint 
yield of cotton-enhancement by the sub okra trait. Crop 
Sci. 24:855–857.

Meredith, W.R. Jr. 1988. Registration of eight sub-okra cotton 
germplasm lines. Crop Sci. 28:1035–1036.

Meredith, W.R. Jr. 1993. Registration of MD51ne cotton. 
Crop Sci. 33:1415.

Meredith, W.R. Jr. 1998a. Registration of eight sub-okra, 
semi-smooth, and nectariless near-isolines of DES 119 
cotton germplasm. Crop Sci. 38:1725.

Meredith, W.R. Jr. 1998b. Continued progress in breeding for 
yield in the USA? p. 97–101 In F.M. Gilliam (ed.) Proc. 
World Cotton Res. Conf.-2. New Frontiers in Cotton 
Research. Athens, Greece, Sep 6-12, 1998.

Meredith, W.R. Jr. 2000. Cotton yield progress—Why has it 
reached a plateau? Better Crop 84:6–9.

Meredith, W.R. Jr. 2005a. Minimum number of genes control-
ling cotton fiber strength in a backcross population. Crop 
Sci. 45:1114–1119.

Meredith, W.R. Jr. 2005b. Registration of MD 52ne high fiber 
strength cotton germplasm and recurrent parent MD 
90ne. Crop Sci. 45:806–807.

Meredith, W.R. Jr., and M.L. Laster. 1975. Agronomic and 
genetic analysis of tarnished plant bug tolerance in cot-
ton. Crop Sci. 15:535–538.

Meredith, W.R. Jr., and W. Nokes. 2011. Registration of MD 
9ne and MD 25 high-fiber quality germplasm lines of 
cotton. J. Plant Regist. 5:202–206.

Meredith, W.R. Jr., and R. Wells. 1987. Sub okra leaf influ-
ence on cotton yield. Crop Sci. 27:47–48.

Meredith, W.R. Jr., D.L. Boykin, F.M. Bourland, W.D. 
Caldwell, B.T. Campbell, J.R. Gannaway, K. Glass, 
A.P. Jones, L.M. May, C.W. Smith, and J. Zhang. 2012. 
Genotype × environment interactions over seven years 
for lint yield, yield components, fiber quality, and gos-
sypol traits in the Regional High Quality tests. J. Cotton 
Sci. 16:160–169.

Meredith, W.R. Jr., W.T. Pettigrew, and J.J. Heitholt. 1996. 
Sub-okra, semi-smoothness, and nectariless effect on 
cotton lint yield. Crop Sci. 36:22–25.

Meredith, W.R., C.D. Ranney, M.L. Laster, and R.R. Bridge. 
1973. Agronomic potential of nectariless cotton. J. Envi-
ron. Quality 2:141–144.

Meyer, J.R., and V.G. Meyer. 1961. Origin and inheritance of 
nectariless cotton. Crop Sci. 1:167–169.

Miller, P.A., and J.O. Rawlings. 1967. Breakup of initial 
linkage blocks through intermating in a cotton breeding 
program. Crop Sci. 7:199–204.



34JOURNAL OF COTTON SCIENCE, Volume 22, Issue 1, 2018

Musser, F., A.L. Catchot, S.D. Stewart, R.D. Bagwell, G.M. 
Lorenz, K.V. Tindall, G.E. Studebaker, B.B. Leonard, 
D.S. Akin, D.R. Cook, and C.A. Daves. 2009. Tarnished 
plant bug (Hemiptera: Miridae) thresholds and sampling 
comparisons for flowering cotton in the midsouthern 
United States. J. Econ. Entomol. 102:1827–1836.

Musser, F., S. Stewart, R. Bagwell, G. Lorenz, A. Catchot, E. 
Burris, D. Cook, J. Robbins, J. Greene, G. Studebaker, 
and J. Gore. 2007 Comparison of direct and indirect 
sampling methods for tarnished plant bug (Hemip-
tera: Miridae) in flowering cotton. J. Econ. Entomol. 
100:1916–1923.

Naoumkina, M., D.J. Hinchliffe, R.B. Turley, J.M. Bland, and 
D.D. Fang. 2013. Integrated metabolomics and genomics 
analysis provides new insights into the fiber elongation 
process in Ligon lintless-2 mutant cotton (Gossypium 
hirsutum L.). BMC Genomics 14:155.

Naoumkina, M., G.N. Thyssen, and D.D. Fang. 2015. RNA-
seq analysis of short fiber mutants Ligon-lintless-1 (Li1) 
and Ligon-lintless-2 (Li2 ) revealed important role of 
aquaporins in cotton (Gossypium hirsutum L.) fiber 
elongation. BMC Plant Biol. 15:65.

Naoumkina, M., G.N. Thyssen, D.D. Fang, D.J. Hinchliffe, 
C. Florane, K.M. Yeater, J.T. Page,J.A. Udall. 2014. The 
Li2 mutation results in reduced subgenome expression 
bias in elongating fibers of allotetraploid cotton (Gos-
sypium hirsutum L). PLoS ONE9:e90830.

National Cotton Council. 2015. National and state cotton area, 
yield, and production. Available at www.cotton.org/econ/
cropinfo/cropdata/state_data.cfm (verified 8 May 2018).

National Cotton Council. 2018. The economic outlook for 
U.S. cotton 2018. Available at www. Cotton.org/econ/
reports/annual-outlook.cfm (verified 15 May 2018).

Percy, R.G., and R.J. Kohel. 1999. Qualitative genetics. p. 
319–360 In C.W. Smith and J.T. Cothren (eds.) Cotton: 
Origin, History, Technology, and Production. John Wiley 
& Sons, Inc., New York, NY.

Robinson, A.F. 2007. Reniform in U.S. cotton: When, where, 
why, and some remedies. Ann. Rev. Phytopathol. 
45:11.1–11.25.

Robinson, A. F., D.T. Bowman, C.G. Cook, J.N. Jenkins, J.E. 
Jones, L.O. May. S.R.Oakly, M.J. Oliver, P.A. Roberts, 
M. Robinson, C.W. Smith, J.L Starr, and J.M. Stewart. 
2001. Nematode resistance. p. 68–72 In T.L. Kirkpat-
rick and C.S. Rothrock (eds.) Compendium of Cotton 
Diseases, 2nd Ed. The American Phytopathological Soc., 
St. Paul, MN.

Romano, G.B., and J.A. Scheffler. 2008. Lowering seed gos-
sypol content in glanded cotton (Gossypium hirsutum L.) 
lines. Plant Breeding 127:619–624.

Romano, G.B., E.J. Sacks, S.R. Stetina, A.F. Robinson, D.D. 
Fang, O.A. Gutiérrez, and J.A. Scheffler. 2009. Identi-
fication and genomic location of a reniform nematode 
(Rotylenchulus reniformis) resistance locus (Renari) 
introgressed from Gossypium aridum into upland cotton 
(G. hirsutum). Theor. Appl. Genet. 120:139–150.

Sacks, E.J. 2008. Ovule rescue efficiency of Gossypium 
hirsutum x G. arboreum progeny from field-grown fruit 
is affected by media composition and antimicrobial com-
pounds. Plant Cell Tissue Organ Culture 93:15–20. doi: 
10.1007/s11240-007-9316-2.

Sacks, E.J. and A.F. Robinson. 2009. Introgression of resis-
tance to reniform nematode (Rotylenchulus reniformis) 
into upland cotton (Gossypium hirsutum) from Gossy-
pium arboreum and a Gossypium hirsutum/Gossypium 
aridum bridging line. Field Crops Res. 112:1–6.

Scheffler, J.A. 2016. Assessing terpenoid aldehyde presence 
and variation in cotton (Gossypium hirsutum L.) roots. 
Amer. J. Plant Sci. 7:1086–1097.

Scheffler, J.A. and G.B. Romano. 2008. Modifying gossypol 
in cotton (Gossypium hirsutum L.): a cost effective meth-
od for small seed samples. J. Cotton Sci. 12:202–209.

Scheffler, J.A., and G.B. Romano. 2012. Registration of 
GVS1, GVS2 and GVS3 upland cotton lines with vary-
ing gland densities and two near isogenic lines, GVS4 
and GVS5. J. Plant Reg. 6:190–194.

Scheffler, J.A., M.K. Dowd, G.B. Romano, and S.M. Pelitire. 
2015. Cotton half seed selection strategy for gossypol 
and its plus isomer. J. Cotton Sc. 19:1–11.

Scheffler, J.A., G.B. Romano, and C.A. Blanco. 2012. Evalu-
ating host plant resistance in cotton (Gossypium hirsutum 
L.) with varying gland densities to tobacco budworm 
(Heliothis virescens F.) and bollworm (Helicoverpa zea 
Boddie) in the field and laboratory. Agric. Sci. 3:14–23.

Scheffler, J., E. Taliercio, J. Tonos, and G. Romano. 2014. 
Microscopic methods to evaluate gland initiation and 
development in cotton ovules. J. Cotton Sc. 18:420–429.

Smith, C.W., and G.G. Coyle. 1997. Association of fiber 
quality parameters and within-boll yield components in 
upland cotton. Crop Sci. 37:1775–1779.

Smith, C.W., H.S. Moser, R.G. Cantrell, and S.R. Oakley. 
1999. History of cultivar development in the United 
States. p. 99–171 In C.W. Smith and J.T. Cothren (eds.) 
Cotton: Origin, History, Technology, and Production. 
John Wiley & Sons, Inc., New York, NY.

Stetina, S.R., and J.E. Erpelding. 2016. Gossypium arbo-
reum accessions resistant to Rotylenchulus reniformis 
identified. Phytopathology 106: S4.38. https://dx.doi.
org/10.1094/PHYTO-106-12-S4.1. (Abstr.)

http://www.cotton.org/econ/cropinfo/cropdata/state_data.cfm
http://www.cotton.org/econ/cropinfo/cropdata/state_data.cfm


35ZENG ET AL.: HISTORY AND CURRENT COTTON RESEARCH AT USDA-ARS STONEVILLE, MS

Stetina, S.R., and L.D. Young. 2006. Comparisons of female 
and egg assays to identify Rotylenchulus reniformisresis-
tance in cotton. J. Nematol. 38:326–332.

Suszkiw, J. 2010. National Cotton Variety Test program is 50 
years strong. ARS news, Jan 19, 2010. Available at www.
ars.usda.gov/is/pr/2010/100119.htm (verified 8 May 
2018).

Thaxton, P.M., C.W. Smith, and R. Cantrell. 2005. Registra-
tion of TAM 98D-102 and TAM 98D-99ne upland cotton 
germplasm lines with high fiber strength. Crop Sci. 
45:1668–1669.

Thyssen, G.N. D.D. Fang, R.B. Turley, C. Florane, P. Li, and 
M. Naoumkina. 2014a. Next generation genetic map-
ping of the Ligonlintless2 (Li2) locus in upland cotton 
(Gossypium hirsutum L.). Theor. Appl. Genet.127: 
2183–2192.

Thyssen, G.N., D.D. Fang, R.B.Turley, C. Florane, P. Li, 
and M. Naoumkina. 2015. Mapping-by-sequencing of 
Ligon-lintless-1 (Li1) reveals a cluster of neighboring 
genes with correlated expression in developing fibers 
of Upland cotton (Gossypium hirsutum L.). Theor. Appl. 
Genet: 128: 1703–1712.

Thyssen, G.N., X. Song, M. Naoumkina, H.J. Kim, and D.D. 
Fang. 2014b. Independent replication of mitochondrial 
genes supports the transcriptional program in develop-
ing fiber cells of cotton (Gossypium hirsutum L.). Gene 
544:41–48.

Turley, R.B. 2002. Registration of MD17 fiberless upland cot-
ton as a genetic stock. Crop Sci. 42:994–995.

Turley, R.B., and R.H. Kloth. 2002. Identification of a third 
fuzzless seed locus in upland cotton (Gossypium hirsu-
tum L.). J. Hered. 93:359–364.

Turley, R.B., and R.H. Kloth. 2008. The inheritance model for 
the fiberless trait in upland cotton (Gossypium hirsu-
tum L.) line SL1-7-1: variation on a theme. Euphytica 
164:123–132.

Van Esbroeck, G., and D.T. Bowman. 1998. Cotton germ-
plasm diversity and its importance to cultivar develop-
ment. J. Cotton Sci. 2:121–129.

Wang, K., Z. Wang, F. Li, W. Ye, J. Wang, G. Song. Z. Yue, 
L. Cong, H. Shang, S. Zhu, C. Zou, Q. Li, Y. Yuan, C. 
Lu, H. Wei, C. Gou, Z. Zheng, Y. Yin, X. Zhang, K. Liu, 
B. Wang, C. Song, N. Shi, R.J. Kohel, R.G. Percy, J.Z. 
Yu, Y. Zhu, J. Wang, and S. Yu. 2012. The draft genome 
of a diploid cotton, Gossypium raimondii. Nat. Genet. 
44:1098–1103.

Wells, R., and W.R. Meredith Jr. 1986. Canopy photosynthe-
sis and its relationship to plant productivity in near-
isogenic cotton lines differing in leaf morphology. Plant 
Physiol. 82:635–640.

Zeng, L., and W.R. Meredith, Jr. 2009a. Associations among 
lint yield, yield components, and fiber properties in an 
introgressed population of cotton. Crop Sci. 49:1647–
1654.

Zeng, L., and W.R. Meredith, Jr. 2009b. Registration of five 
exotic germplasm lines of cotton derived from multiple 
crosses among Gossypium tetraploid species. J. Plant 
Regist. 3:77–80.

Zeng, L., B.T. Campbell, E. Bechere, J.K. Dever, J. Zhang, 
A.S. Jones, T.B. Raper, S. Hague, W. Smith, G.O. Myers, 
and F.M. Bourland. 2015. Genotypic and environmental 
effects on cottonseed oil, nitrogen, and gossypol contents 
in 18 years of regional high quality tests. Euphytica 
206:815–824.

Zeng, L., R.O. Manning, and W.R. Meredith, Jr. 2016. Reg-
istration of cotton germplasm line, MD 10-5. J. Plant 
Regist. 10:47–50.

Zeng, L., W.R. Meredith, Jr., D.L. Boykin, and E. Taliercio. 
2007. Evaluation of an exotic germplasm population de-
rived from multiple crosses among Gossypium tetraploid 
species. J. Cotton Sci. 11:118–127.

Zeng, L., W.R. Meredith, Jr., and B.T. Campbell. 2010. Reg-
istration of four exotic germplasm lines derived from 
an introgressed population of cotton. J. Plant Regist. 
4:240–243.

Zeng, L., W.R. Meredith, Jr., B.T. Campbell, J.K. Dever, J. 
Zhang, K.M. Glass, A.S. Jones, G.O. Myers, and F.M. 
Bourland. 2014. Genotype-by-environment interaction 
effects on lint yield of cotton cultivars across major 
regions in the U.S. Cotton Belt. J. Cotton Sci. 18:75–84.

http://www.ars.usda.gov/is/pr/2010/100119.htm
http://www.ars.usda.gov/is/pr/2010/100119.htm

